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An article will not be accepted for publication in THE PHysicaL REviEw unless the 
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should also be suitable for reproduction in abstract journals so as to make it un- 
necessary for the editors of these journals to have another abstract prepared. 
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ence work. These indexes are prepared exclusively from the abstracts and whatever 
is omitted from the abstracts cannot be included in the index and may thus be lost. 
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not specialists in the particular field involved might desire to know about the article 
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percent of the length of the article. 
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, Most of these contain paragraph titles and subtitles which indicate the subjects 
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such subtitles when all the information contained in the article does not refer to the 
subject indicated by the title of the article. Such subtitles may be frequently avoided 
by rewording the title so as to make it more precise. 
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IONIZATION BY PENETRATING RADIATION AS A FUNC- 
TION OF PRESSURE AND TEMPERATURE 
By A. H. Compton, R. D. BENNETT AND J. C. STEARNS 
UNIVERSITY OF CHICAGO, MASSACHUSETTS INSTITUTE OF TECH- 
NOLOGY, AND UNIVERSITY OF DENVER 


(Received February 10, 1932) 


ABSTRACT 


To account for the experimental fact that the ionization of a gas exposed to 
y-rays or cosmic rays is not proportional to the pressure, but approaches a limiting 
value for pressures of about 140 atmospheres, the hypothesis is suggested that at these 
high pressures the initially formed ions may remain so close together that they fre- 
quently reunite under their mutual electrostatic attractions. The probability is calcu- 
lated for the ions to become separated by diffusion, and formulas are thus obtained for 
the saturation ionization current as a function of pressure. The most satisfactory 
formula is based upon an arbitrary but reasonable assumption regarding the ranges 
of the secondary electrons ejected by ionizing beta particles. Knowing the variation 
of ionization with pressure, this diffusion theory predicts a definite variation of ioniza- 
tion with temperature. Such a temperature variation is experimentally discovered and 
is in good accord with the theoretical prediction. The temperature coefficient is negligi- 
ble for pressures less than 10 atmospheres, but at pressures over 100 atmospheres the 
ionization approaches proportionality to the absolute temperature. 


T HAS been shown by Swann! and his students? that the ionization in an 

ionization chamber, due to either gamma rays or cosmic rays, is not pro- 
portional to the pressure, but approaches a maximum value for pressures of 
about 140 atmospheres. Miss Downey* proposed the explanation that the 
ions are formed by high speed beta particles ejected from the walls of the 
ionization chamber, and that these beta particles are completely absorbed 
by the gas in the chamber if the pressure is sufficiently high. Broxon, in his 
1931 paper, was able to show that this hypothesis leads to an exponential 
formula for the relation between pressure and ionization which agrees well 
with his experimental measurements. Yet there has seemed to be no explana- 
tion on this hypothesis for such facts as the following: 1. The variation of 
ionization with pressure when gamma rays are used is approximately the same 





1 W.F.G. Swann, J. Frank. Inst. 209, 151 (1930). 

2 K. M. Downey, Phys. Rev. 20, 186 (1922); H. F. Fruth, Phys. Rev. 22, 109 (1923); J. W. 
Broxon, Phys. Rev. 27, 542 (1926); 37, 1320, (1931). 
3 Reference 2. 
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as when cosmic rays are used,’ whereas on the average the beta rays ejected 
by gamma rays have a much shorter range than those associated with cosmic 
rays. 2. The ionization-pressure relation is nearly independent of the diameter 
of the chamber,*® contrary to expectation. 3. In pure nitrogen the ionization 
is more nearly proportional to the pressure than in air.' 

An alternative explanation of the phenomenon is that a kind of recombina- 
tion may occur at high pressures, due to the fact that the electron ejected from 
a molecule by the ionizing beta ray may lose its initial energy through 
molecular collisions before it has moved far enough from the parent positive 
ion to escape from the effect of its electrostatic attraction.’ In accord with the 
ideas underlying Thomson's theory of recombination’ we may suppose that if 
the initial energy of the electron carries it beyond a critical distance, molecu- 
lar diffusion will probably carry it away, and a permanent ion will be formed. 
If 7; is the ionization per unit pressure when all ions remain permanent, p is 
the pressure, and P is the probability that an ion will remain permanent, the 
measured ionization may be written as 


i= ipP. (1) 


The probability P will approach unity for low pressures. It will also have 
a greater value at high temperatures than at low temperatures, since diffusion 
will be more rapid. Experiments described below show that the ionization at 
high temperatures is indeed greater than at low temperatures, as this state- 
ment would imply. The hypothesis of the absorption of the beta rays from the 
walls does not account for such a temperature variation. Moreover, the diffi- 
culties enumerated above in connection with the beta ray absorption hypothe- 
sis disappear, as we shall see, when the phenomenon is considered as one of 
recombination. It remains to develop a quantitative theory of ionization as 
a function of pressure and temperature, and to compare its predictions with 
experiment. 


THEORY OF IONIZATION AS A FUNCTION OF PRESSURE 


Let us suppose that when a beta particle passing through gas ionizes an 
atom, the ejected electron moves a distance r before it loses its initial energy 
and comes to thermal equilibrium with the surrounding molecules. The aver- 
age energy spent by the beta particle in producing an ion pair is found to be 
25 or 30 electron volts, so that the energy with which the electron escapes is 
usually much greater than the equilibrium thermal energy. Since most of the 
electron collisions are elastic, or nearly so, we may expect the distance r to be 
much larger than a molecular mean free path. As a result of molecular diffu- 


4H. F. Fruth, reference 2, supported by later measurements. 

5 J. W. Broxon, reference 2 (1926). 

6° H. F. Fruth, reference 2. 

? This explanation has been proposed independently by R. A. Millikan and I. S. Bowen, 
Nature 128, 582 (Oct. 3, 1931) and A. H. Compton, R. D. Bennett and J. C. Stearns, Phys. 
Rev. 38, 1865 (Oct. 15, 1931). 

8 J. J. Thomson, Phil. Mag. 47, 337 (1924). 
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sion the positive and negative ions will now tend to move farther apart, while 
their mutual electrostatic attraction will tend to draw them together.® 

To calculate the rate at which diffusion separates the ions, let us suppose 
that when the ejected electron comes to thermal equilibrium it forms a nega- 
tive molecular ion of the same mass as the parent positive ion. If we assume 
the electron to remain free, the final result is unaltered. Let \ be the mean 
free path of either ion, and r their initial distance apart. After one free mo- 
tion, the probable distance of the second ion from the initial position of the 
first is 


r + bor = (r? + *)! 3. 
Similarly, the probable distance of the first ion from the initial position of 
the second is 
r+ oy = (r? + A*)!, 
Thus, after one mean free time 7, the probable separation of the ions is to a 
close approximation, since \°?’, 
r + 61 + dor = r(1 + d?/r?). 
Thus, 
br = br + bar = /r. 
The probable rate at which the ions separate by diffusion is accordingly, 
dr or ” 
dt T Tr 
The rate of approach due to electrostatic attraction may be calculated as 
follows. The average distance of approach of each ion toward the other during 
the molecular free time interval 7 is }a7?, whence during this interval r will 


have changed by 


1 e¢*/r*? | 
br = — 2 , 
2 m 
and the rate of approach is given by 
dr br e*r 
—=—=———. (4 
dt T mr? 


The condition that the ion pair shall remain permanent is thus that 


or that 
r> To; 


® Cf. E. B. Loeb and L. C. Marshall, J. Franklin Inst. 208, 371 (1929), who have considered 


a very similar problem. 
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where 
aig? ; 
19 = — (5) 
m\* 
Writing 7 =X/2v, where v is given by the relation 
1 2 3 
my? = —kT, 
2 
we have! 
ro = e*/3kT. (6) 


At 20°C, using the usual values of e and k, rp becomes 1.88 KX 10-* em. At this 
distance the field due to an electron is about +X 104 volts per cm, which means 
that ordinary electric fields will not appreciably affect the permanence of these 
ions. 

If we are to determine the probability that the ion will remain permanent, 
we must now calculate the probability that the electron comes to equilibrium 
at a distance greater than ro from its parent ion. This would be possible if we 
knew the function F(7)dr representing the probability that the electron will 
stop between 7 and r+dr. Unfortunately the form of this function is not 
known. 

Let us first suppose that the distribution of distances is similar to that 
which applies to the diffusion of a gas molecule. If R is the probable (root 
mean square) distance to which the electron goes, the probability that it will 
stop in the range dr is then, 


9 


F(p)dr = —— og ) 
"(r)\dr = —— oe’ /dr, (7 
a(x) 1/2 


where 


4 20 
Pp = — l re-Pla dy 


ot ro 2,2 2 : 2 
= —— —er'la 4 | ead, 
(rw)? a (1) J ivja 


This is also the probability of permanence of the ion pair. By Eq. (1), the 


(9) 


saturation ionization current is however 1=7, p P. P may be expressed as a 
function of the pressure if we note that @ varies as 1/p. We may thus write 


/ 


g = ry/a = cp (10) 


where c is a constant of proportionality. Then 


10 [Loeb and Marshall (reference 9) find ro=e?/6kT. Their calculation is however for the 
case where J is large compared with ro, whereas in the present case \ is small compared with r. 
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1 
j= upP =---sP 
(11) 


where C is a new proportionality constant. 

In the broken curve of Fig. 1, Eq. (11), with suitably chosen constants C 
and c=2/p, is compared with a typical set of Broxon’s data" for the ioniza- 
tion by cosmic rays in air for various pressures. The evident differences be- 
tween the theoretical curve and the experimental data indicate that our as- 
sumed function F(r), as given by Eq. (7), does not allow as wide a range 
of ry values as actually occur. Experiments, such as cloud expansion photo- 
graphs, indicate that the electrons ejected by a fast beta ray frequently have 
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Fig. 1. Ionization as function of pressure. Data, Broxon. Broken line, Eq. 11. Solid 
line, Eq. 14. 


ranges comparable with a millimeter at atmospheric pressure. According 
to Eq. (9), however, using the value of a which works best in comparing Eq. 
(11) with experiment, the probability that the electron should have a range 
greater than 0.1 mm at atmospheric pressure is only about 10~*°°. If an arbi- 
trary function F(r) is chosen which will give a theoretical relation between 7 
and p in accord with the experiments, the chance of observing an electron 
with a large range is found to be much greater. 
A suitable function is found to be, 


ar 
9 “em 9 dr, 
(a? + r?)3/2 
where a is an arbitrary constant. Writing 


- rdr 
ree eer eers 
r (a? + r?)3/2 


0 








F(r)dr = 


1 J, W. Broxon, Phys. Rev. 37, 1325 (1931), Curve IT, Fig. 5. 
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ro- —1/2 
P= (1+) ‘ (13) 
@* 


The constant a may be interpreted as an average range of the electron, which 


we find on integration, 


will vary inversely as the pressure. Since 7» is a constant at a particular tem- 
perature, we may write 
ro/a = hp, 


where /: is a new constant of proportionality, and we get for the ionization 
current, 
1 = i,p(1 + h*p?)-!/?, (14) 


To fit Broxon’s data of Fig. 1 we choose 7; =1.3 and h =0.0241, which gives 
the solid curve of this figure. It will be seen that the agreement is satisfactory. 

The derivation of a suitable formula, such as Eq. (14), to represent the 
relation between ionization and pressure is thus to a large extent arbitrary, 
since we have no independent knowledge of the range distribution of the 
ejected electrons. It is however possible thus to formulate a satisfactory rela- 
tion between the ionization and the temperature. 


THEORY OF IONIZATION AS A FUNCTION OF TEMPERATURE 


In the last section we have considered the temperature as constant. Let us 
now remove this restriction, and consider the ionization current as a function 
of the density of the gas p and the absolute temperature 7. From Eqs. (9) 
and (13) it becomes evident that the probability that an ion pair will remain 
permanent is a function of ro/a, where a is an average range of the ejected 
electron and fo is the critical distance for forming a permanent ion pair. We 
note that 


where p is the density of the gas, and the proportionality constant bd is pre- 
sumably independent of temperature and density, From Eqs. (6) and (15) 
we then have, 


_- b/p, (1 


wn 


=A— (16 
a i i ) 


where A =e?/3kb is also independent of temperature and density. Thus the 


probability of permanence is 
r p 
p = n(=) = r(*). (17) 
\a T 


If I is the number of initial ions produced for unit density of the gas, for den- 
sity p the initial ionization is Jp, and the ionization current is 


i = Ipfe(p/T). (18) 


Thus 
i/Tp = fe(p/T). (19) 
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If p is expressed in units of p; =density of the gas at 7 = 293° and p=1 at- 
mosphere, then p is numerically equal to the pressure as observed under ordi- 
nary conditions. Then, 


Sle/T) = fr(p/T) = 1/Ip, (20) 


where p is the pressure at 293°K. Using experimental data such as those of 
Broxon, the form of the function fe may be determined from Eq. (20), and 
by substitution in Eq. (18) the variation of 7 with 7 may be calculated. 

In view of the satisfactory agreement of Eq. (14) with experiment, as shown 
in Fig. 1, we may use the value of P given by Eq. (13). Combining this with 


Eq. (16) we have 
2\ —1/2 
1(~.) 7 (1 t - =) ' 
- T a | 





7 
and 
. _p\-¥2 
i = to(1 +42) ‘ (21) 
The temperature coefficient of the ionization is then 
di A%p? / A%p? 


If we express p in terms of p; as described above, then p = p,and A =e?/ 3kb, 
whereby comparison with Eq. (14) et seq., b=79/c. With Broxon’s data for air, 
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Fig. 2. Temperature coefficient of ionization of air as function of pressure. Data for 
nitrogen are plotted on same scale by multiplying pressure by Ay, /A,ir. 
Curve represents predicted values. 


c=0.0241, whence }=7.8 X10->, and A for air becomes 7.1. For air at 293°K, 
the values of the temperature coefficient 8 for different pressures as calcu- 
lated from Eq. (22) by using this value of A are shown in Fig. 2. At pressures 








880 A. H. COMPTON, R. D. BENNETT AND J. C. STEARNS 


of the order of 1 atmosphere the temperature coefficient is negligible—6 X 10~° 
per degree at 1 atmosphere. At high pressures, however, the coefficient ap- 
proaches the value 1/293, i.e., the ionization becomes proportional to the 
absolute temperature. 


EXPERIMENTAL TEsTs 


We have already shown in the solid curve of Fig. 1 that it is possible to 
present this recombination theory of the variation of ionization with pressure 
such a form that it agrees acceptably with the experiments. This is however no 
distinctive test of the recombination theory, since Broxon has developed a 
formula on the hypothesis of the absorption of beta rays which is likewise in 
good agreement with his experiments. 

An experiment to measure the temperature coefficient of the ionization 
affords however a crucial test of the two theories; for the present theory gives 
a definite prediction of the magnitude of this coefficient, whereas on the beta 
ray absorption theory there is no reason to suppose that the ionization should 
depend upon the temperature. 

In looking for a possible temperature coefficient, we used a spherical steel 
ionization chamber of 10 cm internal diameter, which had been built for 
another purpose. The ionization, due to the gamma rays from a milligram of 
radium at about 1 meter distance and filtered through a centimeter of lead, 
was measured by a Lindemann electrometer, operating at about 50 scale divi- 
sions per volt. The chamber was immersed in a water bath, which could be 
cooled with ice or heated by a flame. The measurements consisted merely in 
recording the temperature and timing the motion of the electrometer needle 
over 10 divisions. It was necessary to allow ample time, at least 10 minutes, 
for the temperature and the large ions in the chamber to come to equilibrium. 

Two series of readings on air at 100 atmospheres pressure, taken between 
0° and 30°C and between 0° and 37°C, showed greater ionization at the higher 
temperature by 7.8 percent and 8.3 percent respectively. The corresponding 
values of 8 = 61/57 are 0.0026 and 0.0022 per degree. For nitrogen at 100 at- 
mospheres between 0° and 31°, which theoretically should have nearly the 
same temperature coefficient, the increase was 9.5 percent, whence 8 = 0.0031. 
The average of these values is 8 =0.0026+0.0002, which is in good accord 
with the value 0.0029 predicted for air at this pressure by Eq. (22). 

Only one set of temperature readings was made at a lower pressure. This 
was for nitrogen at 20 atmospheres. The observed effect was 0.0000 + 0.0003, 
whereas the predicted value of 8 for nitrogen at this pressure is 0.0004. 

Thus the ionization in a pressure chamber is found to increase with the 
temperature, and this increase is at approximately the rate predicted by the 
recombination theory. 


RELATIVE IONIZATION BY GAMMA RAyYs AND Cosmic RAys 


If the ionization is due to beta rays ejected from the walls, which are ab- 
sorbed by the gas in the ionization chamber, the variation of the ionization 
with pressure should differ with different sources of radiation. For the speed of 








IONIZATION BY PENETRATING RADIATION 881 


both photoelectrons and recoil electrons is a function of the frequency of the 
radiation. If the cosmic rays are photons of very high energy, the range of the 
excited beta rays should be much greater than of those excited by gamma 
rays, and the ionization by gamma rays should reach its maximum value at 
lower pressure. On the recombination theory, however, since the speed at 
which a beta particle ejects electrons from the molecules which it traverses 
varies very little with the speed of the beta ray, there should be little if any 
difference between the pressure-ionization curves obtained with cosmic rays 
and gamma rays. 

To test this point, a cylindrical ionization chamber of 14.8 cm internal 
diameter and 46 cm length, having steel walls 1.2 cm thick, was used. With 
this chamber measurements were made of the ratio of the ionization due to 
cosmic rays to that due to cosmic rays plus gamma rays from a radium 
standard, using pressures up to 50 atmospheres. The average results of the 
readings taken on Mt. Evans and at Denver are given in Table I. A different 


TABLE I. i./t-4, as function of pressure. 


Pressure, atmospheres 10 20 30 40 50 


i-/tez, elev. 12,700 ft. 0.230 0.230 0.231 0.228 0.231 


i-/tezr elev. 5,300 ft. 0.490 0.492 0.490 0.492 0.491 


radium standard was used at the two locations. The variations in these read- 
ings taken for different pressures are not larger than are to be expected from 
the probable error. 

The beta rays ejected from the steel walls by the action of the gamma rays 
should be almost completely absorbed by 10 cm of air at some 30 atmospheres, 
so if this absorption were the cause of the limited ionization current, the 
differences between 7./i.4, over the range of pressures here used should have 
been very marked. The results are however in complete accord with the 
recombination theory. 


ANOMALOUS EFFECTS WITH NITROGEN 


In comparing the ionization due to cosmic rays in various gases under 
pressure, Fruth” noted that the ionization in nitrogen remained more nearly 
proportional to the pressure than that in oxygen or air. Thus, though at at- 
mospheric pressure the ionization in nitrogen is less than in oxygen, at high 
pressures it becomes considerably greater. This result has been qualitatively 
confirmed by Broxon, though the differences between nitrogen and air which 
he observed were not as great as those found by Fruth. Our measurements 
with gamma rays confirm those of Broxon with cosmic rays. We found the 
ionization in commercial nitrogen at 100 atmospheres to be 25 percent greater 
than for air, whereas Broxon found 28 percent. 

In terms of the limited range of the beta rays from the walls, this phenome- 
non seems to have no explanation.” On the recombination theory, the lower 


22H. F. Fruth, reference 2. 
3 Cf,, however, J. W. Broxon, Phys. Rev. 38, 1704 (1931). 
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probability of recombination in nitrogen implied by this phenomenon indi- 
cates that the electrons ejected by the fast beta rays have a greater range in 
nitrogen than in air. This is what might well be expected from Loeb’s observa- 
tion that an electron will make 10% times as many molecular collisions in pure 
nitrogen as in air before attaching itself to form a negative molecular ion. The 
fact that slight impurities greatly reduce this ratio may perhaps account for 
the different results with nitrogen obtained by Fruth and Broxon. 
CONCLUSION 

It would seem that the existence of a temperature coefficient of ionization 
of the predicted magnitude is definite evidence that the recombination-diftu- 
sion hypothesis is fundamentally sound. 

We cannot place any more confidence in the formula (Eq. (14)) for the ioni- 
zation as a function of pressure than is justified by its agreement with experi- 
ment, since the function (12) describing the ranges of the electron ions is en- 
tirely empirical. Yet the predicted variation with temperature as given by 
Eq. (19) is a necessary consequence of the hypothesis, and the formula (22) 
for the temperature coefficient of ionization should be considerably more pre- 
cise than are our present experiments. 

It is not improbable that this variation of ionization with temperature may 
have caused apparent diurnal variations in measurements of the intensity of 
cosmic rays, especially when the ionization chamber has been placed out of 
doors. 

We wish to thank Messrs. P. Barth, C. Hedberg and W. Overbeck, the 
University of Denver, and Messrs. V. J. Andrew, J. A. Longman and L. N. 
Ridenour of the University of Chicago for their help in taking the readings. 
We are indebted also to Mr. J. W. Ailinger, Superintendent of the Department 
of Mountain Parks, and to Mr. Donald Keim of the Chamber of Commerce, 
of the city of Denver, for facilitating our work on Mt. Evans, and to the 
Rumford Committee for a grant for the purchase of part of the equipment. 


“ Cf. K. T. Compton and I. Langmuir, Rev. Mod. Phys. 2, 193 (1930). 
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ABSTRACT 

Specific Ionization. In a previous experiment, a number of thin straight tracks 
formed in a Wilson cloud-apparatus were identified as cosmic-ray particle tracks, by 
means of a Geiger-counter. The specific ionization along these has now been deter- 
mined and is found not to exceed 36 ion-pairs per cm, in air at 1 atmosphere. This is 
less than one third the ionization calculated by Kolhérster and Tuwim, whose value 
is believed to be erroneous, at least for individual tracks, for reasons set forth in this 
paper. 

“Group Phenomenon”. On 148 stereopictures of tracks attributed to cosmic-ray parti- 
cles, 20 groups of 2 or more such tracks were found. The tracks of a group usually con- 
verge to a point near at hand, which suggests that they have a common source. Each 
group is believed to be made by secandary electrons ejected by one photon. Possible 
explanations of the origin of the groups have been considered; the one that seems most 
favorable supposes that a cosmic-ray photon may interact with an atomic nucleus and 
eject one or more fast 8-particles from it; the convergent groups are, then, formed when 
2 or more particles are ejected from one nucleus. The production of groups may 
affect the interpretation of various ionization and Geiger-counter experiments with 
cosmic-rays. Some energy calculations have been made on the basis of the measured 
specific ionization of the cosmic-ray particles; for example, a minimum of 5 X 10° e-volts 
energy are required to send an electron through the earth's atmosphere. An ionization 
experiment is proposed, by which it should be possible to tell whether or not cosmic- 
rays produce groups of tracks by nuclear disruption. 


THE SPECIFIC IONIZATION 
HE specific ionization of cosmic-ray particles may be calculated by de- 
termining the rate of their influx with a Geiger-Miiller counter of known 
dimensions and getting the corresponding ionization produced in an ioniza- 
tion chamber whose dimensions are also known, or more directly, by count- 
ing the number of ions in a Wilson cloud-chamber along tracks that are iden- 
tified to be due to these particles. 

Using the former method, Kolhérster and Tuwim! have recently calcu- 
lated that the average specific ionization is 135 ion-pairs per cm + 10 percent, 
in air at normal pressure, or about the same as that of 8-particles of velocity 
0.6 C. In order for 8-particles of cosmic origin to have the necessary penetra- 
tion and still produce the observed ionization, they calculated that the en- 
ergy must be E>2X10° electron-volts. On the other hand, an ordinary £- 
particle of velocity 0.6 C has only 127,000 volts energy, so it is very hard to 
reconcile the high energy of a cosmic-ray corpuscle with its high rate of ioni- 
zation, since the ionization of a B-particle is thought to approach a minimum 
of about 40 ion-pairs per cm as the velocity approaches that of light. Assum- 


1 W. Kolhérster and L. Tuwim, Zeits. f. Physik 73, 130 (1931). 
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ing that 135 ion-pairs per cm is correct, 2X10° volts is of the right order to 
allow the cosmic-rays to penetrate the whole atmosphere and still have 
enough energy to eject 2X105-volt electrons, independently of whether the 
cosmic-rays, themselves, are photons or swift 6-particles. 

The present paper proposes, first, that the specific ionization along indi- 
vidual cosmic-ray particle tracks is very much less than 135 per cm, and, sec- 
ond, that the particles arrive in groups, which may explain the high average 
ionization got by Kolhérster and Tuwim. 

In a recent experiment,? L. M. Mott-Smith and the writer obtained ion- 
tracks in a Wilson cloud-apparatus simultaneously with discharges of a Gei- 
ger-Miiller counter arranged above the chamber. Then, from stereoscopic 
reconstruction of the tracks formed under such conditions, it was found that 
they were usually in line with the counting-tube. The evident conclusion was 
that a cosmic-ray particle had, in each case, set off the counter discharge and 
proceeded through the chamber, making the observed ion-track. 





Fig. 1. Cosmic-ray particle tracks in air at 68 cm pressure. Magnification 4.03. 


All of the good pictures of tracks that were identified in that way have 
been photographed again under a low-power microscope, in order to count 
the ions, with results such as are shown in Fig. 1. This could only be done 
with the denser tracks, for some were so faint, either due to their small ioni- 
zation or to weak illumination, that it was previously found necessary to 
mark the positions of their images by scratching fine lines on the negatives 
before using them in the stereo-reconstruction outfit. For this reason, also 
because of the evident difficulty of resolving individual droplets in the tracks, 
it is only possible to fix an approximate upper limit to the ionization along 
them. In all cases a liberal allowance was made for the bunching of ions, 
which results in a diminution of the number of drops. The specific ionization 
thus determined does not exceed 32 ion-pairs per cm, in water-saturated air 
at 68 cm pressure, or 32 X 76/68 =36 pairs per cm at normal pressure. This 
is less than one third of the value calculated by Kolhérster and Tuwim, but 
is in agreement with the 40 pairs per cm estimated by Skobelzyn’ for similar 
tracks that he found to be undeflected by a magnetic field of 1500 gauss. 

The problem is, then, to explain the discrepancy between the values ob- 
tained on Kolhérster and Tuwim’s calculation and the cloud-chamber deter- 


?L. M. Mott-Smith and G. L. Locher, Phys. Rev. 38, 1399 (1931). 
3 D. Skobelzyn, Zeits. f. Physik 54, 686 (1929). 
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minations, since it seems especially desirable that the specific ionization 
should be known with some certainty, because of its bearing on the interpreta- 
tion of ionization experiments and for determining the energy (so perhaps 
deducing the origin) of cosmic-rays. 

Very heavy tracks were produced in the cloud-chamber by a-particles and 
x-ray photoelectrons, under conditions exactly similar to those existing dur- 
ing the formation of the cosmic-ray particle tracks. This leads to the belief 
that every ion-pair in these relatively thin tracks was the nucleus of a drop- 
let, since there was always an abundance of super-saturated water vapor 
available for condensation. The present count is based on the assumption that 
every drop represents an ion-pair, and that every ion-pair gave a drop, the 
separation of the ions of any pair being too small to be detected by the means 
used, at 68 cm pressure.* Concerning the electrical method, it seems quite 
certain that not every cosmic-ray particle passing through a counter will give 
an impulse in it, especially because of the “group phenomenon” described in 
the next section, and if the number counted is less than the number penetrat- 
ing the tube, the specific ionization calculated on this basis will be too large. 
On the other hand, there is a possibility that some of the ions in the cloud- 
tracks recombine before condensation can occur on them, resulting in an ap- 
parent reduction of the specific ionization; but the same argument would 
apply even more strongly to recombination in the ionization chambers, be- 
cause of their higher pressure, thus emphasizing the present disagreement, in- 
stead of removing it. 


THE “Grourp PHENOMENON” 


By the “group phenomenon” is meant the practically simultaneous arrival 
of two or more penetrating particles, in a given small region, more often than 
can be explained by accidental coincidence. It was first noticed by Auger and 
Skobelzyn,‘ who found, on 27 cloud-pictures of tracks that were undeflected 


Series Number Pictures with thin, straight tracks Groups of these tracks 


1 74 13 
2 11 1 
3 63 6 


Totals: 148 20 


“Track-pictures” showing groups: 20/148=13.5 percent (If the count is not restricted to 
thin straight tracks, the ratio becomes: 33/177 = 18.6 percent). 


by a field of 1500 gauss, 4 cases in which there were groups of these tracks. It 
was thought that the particles were recoil electrons due, in each case, to re- 
peated Compton scattering of one of the hardest components of “ultra- 
gamma” radiation. They calculated that such electrons would have sufficient 


* Another effect might tend to reduce the number of drops photographed: one drop may 
screen off the light from another, while the picture is being taken. But the sparseness of the 
ionization in these thin tracks makes it unlikely that this is important, even with the worst 
orientation of the track with respect to the line of illumination. 

‘ P. Auger and D. Skobelzyn, Comptes Rendues 189, 55 (1929). 
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penetrating power to follow the quantum through the chamber, making a 
group of tracks. 

The 1770 pairs of pictures collected in the present experiment’ show the 
results, (see table on preceding page) with regard to groups. 

A significant observation was made: the tracks of a group usually converge to 
a point near at hand. Fig. 2,a,6,d, and f, shows some groups of this type. The 
agreement of the 13.5 percent of groups with Auger and Skobelzyn's 4/27= 
14.8 percent may be accidental, but the high percentage (especially of 3), and 
the convergence of the tracks, is believed to be important. In one case, there 
were 5 straight tracks on one picture, 3 of which converged at the wall of the 
chamber; in 5 cases there were groups of 3 tracks, while the other 14 were 
pairs. One member of one group was aligned with the counting-tube above 
the chamber; also, a discharge of the counter was recorded simultaneously 


o, b 





Fig. 2. a, 6, d, and f, groups of tracks emanating from a common point; c, a bent track; 
e, track with a 22,000-volt branch. Magnification X1.21. 


with the formation of the track, indicating that the particle had passed 
through it, hence was of the type previously discussed. Examination of the 
tracks of the groups with a microscope shows that the specific ionization 
along them is about the same as for tracks identified by means of the counter, 
so the velocities of the particles must exceed 0.9 C. 

The convergence of the tracks shows that the particles could not have 
been liberated at great distances from the apparatus, and indicates that they 
were produced by one cause and are not merely due to chance arrival of 
several particles at nearly the same time (within 0.06 sec.). In view of the 
existence of these groups, as well as their convergence, it is difficult to support 
the view of Bothe and Kolhdérster, that cosmic-rays are only swift 8-particles 
coming from inter-stellar space; it is more probable that the observed par- 
ticles are secondary electrons ejected from atoms near at hand, by high en- 
ergy photons. These electrons may come either from inside or outside the 
nuclei of the atoms, since the cosmic-ray energies so greatly exceed those of 
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y-rays. If the tracks of each group converge to a point, approximately, it is 
difficult to explain them as being made by recoil electrons due to Compton 
scattering, because of the low probability of getting more than one scattering 
within so small a thickness of matter as the wall of the cloud-chamber (5mm 
of glass). The same difficulty would apply to the ejection of electrons from 
the nuclei, unless more than one electron is ejected when a cosmic-ray photon 
collides with a nucleus. It may be, however, that the constituents of the nu- 
cleus are so closely packed as to allow a considerable probability of the simul- 
taneous ejection of two or more particles, due to a collision of this type; or the 
ejection of even one such electron may destroy the equilibrium of the nucleus 
and cause it to eject additional corpuscles, within a very short time. These 
processes would constitute atomic disintegration, brought about by cosmic 
rays, instead of beginning spontaneously as in ordinary radioactivity. 
Clearly, a group of particles passing simultaneously through a Geiger- 
counter, or any arrangement of counters, will cause only a single impulse; 
hence the number of impulses recorded will be less than the number of par- 
ticles passing through. This will affect ionization determinations, and perhaps 
other measurements, involving the use of counters. For example, Kolhérster 
and Tuwim’s value of the specific ionization of cosmic-ray particles is about 
3.7 times as great as the author’s. To explain the discrepancy on the basis of 
this effect alone, it would only be necessary to assume that Tuwim’s counter 
gave, on the average, one impulse for every 3 or 4 electrons traversing an 
equivalent volume of Kolhérster’s ionization chamber. It will be further no- 
ticed that the divergence of the tracks of the groups increases the effective 
size of any counting-tube or other device arranged to intercept them. 
Another point to consider is the effect of the secondary electrons liberated 
from the walls of an ionization chamber, on the ionization measured therein. 
In this connection, suppose a beam of very penetrating rays produces secon- 
dary electrons as it passes through successive layers of matter of different 
densities, but undergoes little total absorption. A simple calculation shows 
that the number of secondary electrons in any cross-section of the beam is 
constant, hence independent of the density of the material traversed, even 
at a boundary, provided that the number ejected per cm varies directly with 
the density of the material, and the length of track varies inversely with the 
density. These conditions are approximately satisfied by y-rays, and may 
even apply to cosmic-rays, if these latter only eject recoil electrons from out- 
side the nucleus and single electrons from inside. But if there is a finite proba- 
bility that more than one electron will be ejected from a nucleus by a single 
photon, this probability must be a function of the atomic number of the ele- 
ment under bombardment, so that the mass law will not hold. For example, 
the number of cosmic-ray particles crossing a section would be the same for 
gaseous oxygen as for liquid oxygen, but the number would be different for 
oxygen and iron, on this supposition, because the nuclei are different. To test 
this experimentally, one could compare the cosmic-ray ionization in a series 
of ionization chambers that have the same dimensions and gas content, but 
have walls of metals of different atomic numbers (with the same mass per 
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unit area). This might well be done by comparing the ionization in pairs of 
the chambers, using a differential method. (Evidently Geiger-counters could 
not be used, because the effect investigated is due to simultaneous groups of 
particles.) The ionization produced in the same chambers by radioactive y- 
rays could be used as a check, in case the experiment gave positive results; 
this should be the same in all the chambers. The author believes that this ex- 
periment would lead to positive results, because of the groups of tracks ob- 
served in cloud-chambers. The absorption anomalies found by Geiger, 
Steinke, and others’ are also thought to be connected with the group phenom- 
enon. 
SOME ENERGY CONSIDERATIONS 


Some simple deductions about the order of magnitude of the energy of 
cosmic rays have been made from the value of the specific ionization. These 
calculations are mostly speculative, because of the uncertainty of the hy- 
potheses on which they are based, but they may be of interest. 

A 6-particle of energy E>7X10° volts, and specific ionization 36, could 
pass through the atmosphere and still have residual energy >2X10° volts, 
which is sufficient to allow it to penetrate about 40 cm of lead. (A specitic 
ionization of 135 in air would require E >2 X10* volts.) 

The path of an electron of 2105 volts energy is 23500 meters in air at 
normal pressure; this corresponds to about 4.6 meters in water, or 42 cm in 
lead. If a photon of 210° volts energy produces, on the average, one 2 X 20° 
volt electron at every 950 meters of its path through the atmosphere, then 
any cross-section of the photon’s path should have 3.7 electrons in it, if they 
are ejected in the forward direction. This would account for the high value 
of the specific ionization calculated by Kolhérster and Tuwim. Such photons 
would undergo about 10 scatterings in traversing the atmosphere, so that 
homogeneous incident radiation would be degraded into a spectrum with en- 
ergy between 210° and zero, at the earth’s surface. This is suggested as a 
possible process, rather than a probable one. Elaboration and test of a good 
theory of nuclear absorption seems especially desirable. 

Fig. 2, c, and e, shows two interesting tracks, probably of recoil electrons 
from radioactive y-rays, that were found among the pictures collected in this 
work. A sharp bend in the first (43° deflection) indicates close approach of the 
particle to a nucleus. In the case of the track shown in e, a 22,000 -volt branch 
was produced, causing a deflection of only 5.7° in the path of the 8-particle. 
Assuming that both were electrons, and that momentum was conserved at 
the impact, the velocity of the impinging one was 0.92 C (energy 7.8X10° 
volts). Evidently an electron of 108 volts energy would undergo no apprecia- 
ble deflection in producing a similar branch. 

The author is indebted to the National Research Council for a grant 
which met part of the expense of the experimental work herein described. 

Professor H. A. Wilson has very kindly criticized this paper and has sug- 
gested part of the ideas and calculations incorporated in it, for which the 
author wishes to express his appreciation. 


5 Discussion of Ultra-Penetrating Rays, Proc. Roy. Soc. A132, 331 (1931). 
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ABSTRACT 


Laue spots from quartz crystals undergoing piezo-electric vibrations are found 
to have a fine structure. The nature of this structure is such as to indicate that the in- 
crease of reflecting power of a given crystallographic plane varies greatly from point 
to point in the crystal, while at a given point in the crystal the reflecting power of 
different planes is increased in different amounts with a resultant intensity distribu- 
tion unlike that obtained from a rough-ground surface of the crystal. It is proposed 





that these effects are due to the existence of strain gradients in the crystal, distributed 
at random in the rough-ground surface but in definite directions in the case of a vibrat- 
ing crystal. This view is substantiated by some static tests on inhomogeneously 
strained crystals. Some specimens of quartz with imperfect interior regions are found 
to have random strain gradients. The effect on reflected intensity may be accounted 
for on the basis of a reduction of extinction. The phenomenon is used in the study of 
modes of vibration of quartz plates. 


; T IS well known that the ability of a crystal to reflect x-rays is influenced 

by the degree of perfection of the crystal. This is explained by assuming 
the presence of an extinction of the x-ray beam superimposed upon the ordi- 
nary absorption of the beam.' Extinction is of two types, primary and sec- 
ondary. Considering a crystal to be a mosaic of perfect crystallites, the rela- 
tion of each type to the structure of the crystal lattice may be stated thus: 
primary extinction arises within the perfect crystallites and is reduced by a 
reduction of the size of these (provided they are not already smaller than 
about 10-* em); secondary extinction depends upon the parallelism of the 
blocks and is reduced when this is reduced. 

Many investigators?**>*:7 have noted that grinding or polishing the sur- 
faces of various crystals greatly increases their reflecting power as would be 
expected if this treatment reduced perfection and consequently extinction in 
the crystal. 








Fox and Carr,* looking for a change in the sharpness of Laue reflections 


* Published with the permission of the Navy Department. 

1 cf. C. G. Darwin, Phil. Mag. 43, 800 (1922); W. L. Bragg, C. G. Darwin, R. W. James, 
Phil. Mag. 1, 897 (1926). 

* A. H. Compton, Phys. Rev. 10, 95 (1917). 

3 \W.L. Bragg, R. W. James, and C. H. Bosanquet, Phil. Mag. 41, 309 (1921); 42, 1 (1921). 
, 4 R. G. Dickenson and E. A. Goodhue, J. Am. Chem. Soc. 43, 2045 (1921). 

5 B. Davis and W. M. Stempel, Phys. Rev. 17, 608 (1921); 19, 504 (1922). 

6 E. Wagner and H. Kurlenkampff, Ann. d. Physik 68, 369 (1922 

7¥Y Sakisaka, Jap. Jour. Phys. 4, 171 (1927); Proc. Phys.-Math. Soc. of Japan, Ser. III, 
12, 189 (1930). 

§ G. W. Fox and P. H. Carr, Phys. Rev. 37, 1622 (1931). 
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from a quartz plate put into piezoelectric oscillation, found instead a larze 
change in intensity of the Laue spots. Langer® suggested that the phenomc 

non could be explained by a tilting of the mosaic blocks during oscillation cf 
the crystal—a theory based on the reduction of secondary extinction as a re- 
sult of the tilting. Explanations were independently advanced by Nishikawa, 
Sakisaka, and Sumoto,'® and by Barrett"! on the basis of a reduction of ex 
tinction due to inhomogeneous strains in the crystal, and Laue photographs 
were published showing that the interior of the crystal becomes highly re- 
flecting during oscillation” in the same way that the surfaces become highly 
reflecting when ground. That static inhomogeneous strains within the elastic 
limit could thus affect the reflecting power of quartz and certain other crys- 
tals was demonstrated by Nishikawa, Sakisaka and Sumoto," who also 
showed that homogeneous strains had little or no effect. 

The failure of Fox and Cork" to observe changes in intensity of oscillating 
quartz using reflection from the surface of a quartz plate in a Bragg spec- 
trometer was probably due to the existence of an imperfect surface layer 
which was the seat of practically all the reflected energy in their experiment, a 
layer in which extinction had already been reduced to a minimum by the 
preparation of their crystal." 


EXPERIMENTAL METHOD AND RESULTS 


When the Laue method is used with a sufficiently well-defined primary 
beam, the Laue spots are elongated images of the slit, each portion of the 
spot being formed by rays reflected from a corresponding region within the 
crystal. Contrary to results of previous observers who did not attend carefully 
to the parallelism of the beam, the spots from a vibrating quartz crystal 
are not uniformly dark, but generally display a fine structure. Laue photo- 
graphs of the same part of a crystal in both vibrating and rest conditions 
showed that this fine structure is not similar to that produced by permanent 
flaws in the crystal which sometimes become evident by this method. Nor 
is it caused by the ground or polished surface of the crystals: the different 
type of structure seen in the spots from non-oscillating ground or polished 
crystals as well as the added length of exposure time necessary to form a pat- 
tern of non-oscillating crystals proves this. Peculiarities of x-ray focal spot or 
slits could not have caused the fine structure, nor could the presence of char- 
acteristic radiation in the primary beam. The origin of the fine structure was 


®R. M. Langer, Phys. Rev. 38, 573 (1931). 

10S. Nishikawa, Y. Sakisaka, and I. Sumoto, Phys. Rev. 38, 1078 (1931). 

1 C, S. Barrett, Phys. Rev. 38, 832 (1931). 

12 Here, and wherever hereafter the term “oscillating” occurs in this paper, the reader will 
understand that the word “vibrating” is intended. The former term is so completely established 
in electrical usage that it is adopted in this paper, even at the risk of confusion with its ordinary 
implication to those familiar with x-ray spectrographs. 

13S. Nishikawa, Y. Sakisaka and I. Sumoto, Phys. Rev. 38, 1078 (1931); Y. Sakisaka and 
I. Sumoto, Proc. Phys.-Math. Soc. of Japan, Ser. III, 13, 211 (1931). 

4G, W. Fox and J. M. Cork, Phys. Rev. 38, 1420 (1931). 

18 C.S. Barrett and C. E. Howe, Phys. Rev. 38, 2290 (1931). 
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fownd to shift with the crystal when the crystal was shifted and to disappear 
w#t.1 the crystal ceased vibrating. There appears no room for doubt that the 
fine structure represents a variation of reflecting power from point to point 
in the crystal resulting from the processes of vibration. 

To facilitate the investigation, pin-hole slit systems were constructed 
whereby several beams from a single x-ray tube could be made to strike 
adjacent portions of the same crystal and produce simultaneously several 
Laue patterns on the same film. With a suitable distance from crystal to film 
each pattern could be obtained free from confusion with the others. 

Another device to aid in the rapid production of suitable Laue patterns 
brought into use the focussing property of rays reflected through a crystal 
plate, illustrated in Fig. 1. A narrow diverging beam from a point source pene- 
trates a crystal standing perpendicular to the beam at a distance from the 
source. In passing through the crystal these diverging rays are reflected from 
atomic planes throughout their path in the crystal. Those reflected from the 
front of the crystal will be brought to a focus at a certain point in space, those 
from the back of the crystal will focus at another point, and similar focussing 





* ” i 
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Fig. 1. 


will occur for reflections originating at any given depth in the crystal. The 
layer at a distance r from the source will reflect rays to a focus on a sphere of 
radius 7/2 tangent to this layer. From Fig. 1 it will be seen that a photo- 
graphic plate at the distance r cos? 20 from this layer will receive the focussed 
rays reflected from crystallographic planes inclined 6° to the beam. If r cos? 26 
is large compared with the cross-section of the beam and the thickness of the 
crystal, the film will be approximately in focus for all layers of the crystal 
and for a considerable range of 6. The radial distribution of intensity in the 
Laue spot will then represent the distribution of reflecting power in the differ- 
ent layers of the crystal, as it does in the simple case of a narrow bundle of 
parallel rays. A point source of x-rays not being available, rays were used 
leaving a flat target at an angle of 4°, which gave effectively a line source. 
With the target face horizontal, satisfactory focussing occurred for reflections 
occurring in or near a vertical plane. Other reflections lacked detail and were 
disregarded. It was necessary, of course, to limit the cross-section of the pri- 
mary beam until no important loss of detail in the spots resulted from either 
the averaging over the crystal surface or the cross fire in the horizontal direc- 
tion. 








892 CHARLES S. BARRETT AND CARL E. HOWE 

Fig. 2 shows a portion of a Laue pattern from an x-cut (0° or Curie cut)" 
quartz crystal of dimensions 1,=4.0 mm, 1,=20.78 mm, |1,=26.40 mm, 
where 1, and 1, are measured parallel to the electric and optic axes respec- 
tively, and 1, perpendicular to both these. The crystal was cut and polished 
with an accuracy of about 45’ with respect to the optic axis and 15’ with re- 
spect to the electric axis. It was oscillating piezoelectrically at a calculated 
frequency of about 715 kilocycles (the so-called x-oscillation).'!7 The spots in 
this pattern are grouped by threes corresponding to the three pin-hole slits 
(each 0.02” X0.02” X12”) diverging from a common point at the focal spot 
of the tube with an angular separation of 1° between adjacent slits. The por- 
tion of the pattern reproduced is one in which focussing is satisfactory 
space prohibits printing the whole pattern on a scale sufficiently large to 
show the fine structure of the spots. 


Fig. 2. Laue spots from an x-oscillating x-cut quartz plate. 


It will be seen at once from Fig. 2 that the reflecting power of the interior 
of the oscillating crystal is not uniform. Since the fine structure of the spots 
differs among the three spots of a triplet it follows that a given crystallographic 
plane varies in reflecting power from point to point inside the crystal. Fur- 
thermore, corresponding members of triplets (for example, the middle spots) 
differ in structure showing that at certain points in the crystal the reflecting 
power of some planes is increased much more than that of others. 

Similar Laue patterns with multiple slits of 3, 4 and 5 holes were taken of 
four different x-oscillating x-cut crystals in all, vet less than 10 percent of the 
stronger spots showed a uniform darkening and in general there was no simi- 
larity between the fine structure of any but adjacent spots. 

An attempt was made to trace the reflecting power distribution through- 
out the interior of the x-cut crystal described above, by making a series of 
96 Laue patterns with the primary beam penetrating the crystal at 96 differ- 
ent places. This crystal was mounted between x-face electrodes in the holder 
shown in Fig. 3. A bakelite framework fastened to a mechanical stage from a 
microscope supported the crystal and permitted it to be shifted parallel to 
itself at will. Two pieces of thin aluminum sheet served as electrodes, one 
moving with the crystal and the other fixed to the heavy brass plate of the 


16 For the method used in the preparation of crystals at the Naval Research Laboratory 
and the associated nomenclature, cf. Proc. Inst. Radio Eng. 18, 2128 (1930). 

17 The circuit used was of the type used by Fox and Carr (reference 8), the plate voltage 
420, the R. F. tank-circuit current 900 m.a., the rays were from a molybdenum x-ray tube at 
30000 volts a.c. 
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holder. A hole in the brass plate allowed the passage of the direct and re- 
flected rays. 

With the crystal, triple slits, and circuit constants mentioned above, 
enough exposures were made to examine about half the volume of the crys- 
tal, the beam in each case entering the crystal approximately parallel to the 





Fig. 3. Crystal holder. 


x-axis. Prints were made of each film and the spots formed by reflection from 
the same strongly reflecting plane were cut out of each print. These indi- 
vidual spots, each representing the reflecting power of the same plane along 
a line through the crystal parallel to the x-axis, were assembled in correct 
relative positions on a plot (Fig. 4). The rectangle in Fig. 4 represents on an 











[ 

) © eeeanne 
t+@ebh vere | 
+ tieowas | 
# btennne | 
(+ Pha eahe 

| € 6h @ enw 
aenpnuedeaoera 
penewnpecegeru 
ebevaioeun 
eenpneeue 

Y; (pone arose 

‘| prope naune 

+> ZZ - 


Fig. 4. Plot of reflecting power in an x-oscillating x-cut quartz crystal, 


enlarged scale the surface of the crystal normal to the x-axis and containing 
the } and Z axes as indicated. The left edge of each spot exhibits the re- 
flecting power for the given plane at the front face of the crystal, the right 
edge does the same for the back surface and intermediate points for corres- 
ponding interior points in the crystal. 
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The complex distribution of the reflecting power in this vibrating crystal 
is at once obvious from the plot. The photographs were not taken closely 
enough together to enable one to trace continuously, from one spot to its 
neighbors, the streaks of high and low intensity. Regardless of how the reflec- 
ting power is related to the mechanical distortions, Fig. 4 testifies to an ex- 
ceedingly complex mode of vibration. We were not surprised to find evidence 
of the same complexity by dusting lycopodium powder on the edges and sur- 
face of the crystal while oscillating: no simple or completely reproducible 
powder pattern resulted on any face. The nodes and loops were apparently 
even less regularly distributed than the complicated ones recently recorded 
by Wright and Stuart'® by lycopodium powder methods. These observations 
confirm their conclusion that the frequency of a mode of this nature cannot 
be a simple function of Young’s modulus in the direction of the thickness and 
the thickness dimension. The crystal fractured while the powder patterns 
were being investigated. 
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Fig. 5. Laue spots from an oscillating y-cut quartz crystal. 


Laue patterns of oscillating y-cut (30°) crystals appear, in general, to be 
much simpler. A majority of the spots from four different specimens was 
merely simple doublets. A portion of one pattern containing only doublets is 
reproduced in Fig. 5. (This crystal had the dimensions |,=28 mm, 1,=4 
mm, 1.=26 mm, and was oscillating at a calculated frequency of about 560 
kilocycles.) The exposures to produce patterns from oscillating crystals were 
so much shorter than those required for non-oscillating crystals that no regis- 
tration of the non-oscillating pattern could have occurred in Fig. 5. The doub- 
lets there are, therefore, not due to reflection from the ground surfaces. In 
fact, their appearance is quite different from non-oscillating crystal patterns 
taken with the same apparatus: Fig. 5 shows the intensely reflecting region 
to extend to a depth of over a millimeter beneath each face, while the effect 
of grinding extends down only about 1/10 mm below the surface.'® 

It can be said that in general the enhancement of the reflecting power of 


18 R. B. Wright and D. M. Stuart, Bur. of Standards, Jour. of Research 7, 519 (1931). 

19 Null results were obtained with the so-called y-oscillation of an x-cut crystal (l,=6.8, 
1, =20.2, 1,=25.7, 131 kilocycles calculated frequency) which showed a simple lycopodium 
powder pattern. The spots were of the same type and approximate intensity whether the crystal 
was oscillating or not. Several positions on the crystal were investigated, and the primary beam 
was tried at 30° to the x-axis as well as parallel to it, each case with the same result. It may be 
that the amplitude of the oscillations was insufficient (R. F. tank-circuit current 60 m.a., plate 
voltage 400) or that the very simplicity of the mode of vibration is to account for this. 
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various planes is essentially different when it results from grinding than from 
piezoelectric vibrations. If this were not so every spot in Fig. 3 would be 
identical in structure, as is always the case with a non-oscillating crystal with 
ground surfaces®® and as is the case with some specimens of quartz having 
internal flaws or imperfect regions which came under our observation. The 
reduction of extinction in oscillating crystals is not the isotropic phenome- 
non that it appears to be in the ground surface of a crystal or in imperfect 
crystals. An interpretation in terms of the inhomogeneous strains that must 
be the cause of reduced extinction is that imperfection of the type produced 
by grinding results from a random orientation of strain gradients, while im- 
perfection produced by vibration results from non-random direction of 
strain gradients. 

Quantitative intensity measurements are not available to show whether 
or not this accurately describes the situation, but the following qualitative 
experiment is evidence for it. Laue photographs were taken of a quartz crys- 

















Fig. 6. Apparatus for diffraction from an inhomogeneously strained crystal. 


tal with ground surfaces subjected to inhomogeneous static strain as shown 
in Fig. 6. Forces were applied to bend the quartz bar into a cylinder with the 
optic axis vertical, parallel to the axis of the cylinder, (perpendicular to the 
paper in Fig. 6) and the primary beam was directed radially. Under these con- 
ditions spots on the Laue pattern above and below the central spot remained 
doublets resembling those in the unstrained crystal, but spots to the right 
and left of the central spot increased in intensity and became uniformly 
darkened. These observations were confirmed with quartz slabs of differing 
dimensions, and with the plane of the x-ray tube target rotated 90° from the 
position indicated in Fig. 6 (this in order to eliminate confusion due to the 
shape of the focal spot). 

Along the path of the beam in the interior of the quartz, this inhomo- 
geneous strain should produce a maximum variation in atomic plane spacing 
and orientation for those reflecting planes standing approximately parallel 


20 cf. C. S. Barrett, reference 11, Fig. 1; Y. Sakisaka and I. Sumoto, reference 13, Fig. 1. 
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to the axis of bending and a minimum variation of interplanar spacing for 
those approximately perpendicular thereto. Extinction, dependent upon the 
variation, along the path of the ray, of interplanar spacing and angle of in- 
cidence of rays upon the planes, should accordingly be reduced for the planes 
approximately axial and practically unaltered for the others. The observed 
intensities were in agreement with this view. 

DISCUSSION 

It cannot be doubted that the warping of quartz during vibration reduces 
extinction and causes increased reflection, but whether it is primary or sec- 
ondary extinction that is involved is not so definite. 

Suppose, in the first place, that secondary extinction is important for un- 
strained quartz. Could vibrations reduce this appreciably? The angular width 
of a monochromatic beam reflected from unstrained quartz was determined 
by Sakisaka’ to be 45” (width at half maximum intensity); estimating the 
variation in tilt of planes in a vibrating crystal from measurements of surface 
motion by Osterberg,”! we find a distribution of the same order of magnitude. 
It appears, then, that secondary extinction would be reduced if present, for it 
would be unaltered only if the reflected line were much wider than the super- 
imposed broadening due to the vibrations. The uneven distribution of ex- 
tinction among the different reflecting planes, as reported in this paper,might 
be explained on the basis of secondary extinction simply by postulating a 
suitable distribution function for the orientation or for the interplanar dis- 
tance of the reflecting planes along the path of the primary beam. This dis- 
tribution function would be dependent upon the direction and magnitude 
of the strain gradients in the crystal. 

It is by no means certain that the above supposition is correct; Sakisaka? 
in fact, concluded that only primary extinction was important in quartz. His 
conclusion was based on ionization measurements of reflected intensities, and 
was confirmed by his observations of the shape of the reflected line and the 
thickness of the reflecting layer of quartz as a function of the coarseness of 
grinding. He visualized quartz as a mozaic of rather large perfect crystallites 
in which primary extinction was large, with a scattering from parallelism be- 
tween different crystallites sufficient to make secondary extinction negligible. 
More recently in a note by Nishikawa, Sakisaka and Sumoto"™ the statement 
is made that both primary and secondary extinction is large in quartz. No 
reason is given for this departure from the conclusions of the earlier experi- 
mental data; it does not appear to be justified. 

To explain the present results on the basis of primary extinction requires 
simply that the distorting effect of strains extend into the perfect regions that 
are the seat of primary extinction. Whether the crystal is a mosaic of blocks 
with abrupt transitions between them, or a continuous but slightly warped 
lattice, it would be expected that stresses would reduce primary extinction. 
To deny this possibility would be equivalent to postulating that the crystal 
is a mosaic of blocks so loosely welded together that the perfection of the 


21H. Osterberg, Proc. Nat. Acad. Sci. 15, 802 (1929). 
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lattice of each block is unaffected by shifting or tilting the neighboring blocks, 
which seems unlikely. With the size of the perfect regions as the determining 
factor for primary extinction, it becomes necessary to postulate a temporary 
reduction in size under stress, followed by a return to normal with the re- 
moval of stress. A reduction in effective size of the perfect part of the lattice 
need not require a fracture or a permanent deformation; it should only be 
necessary to introduce strains great enough to destroy coherence in the dif- 
fraction from different portions of the normally perfect crystalline unit. If the 
applied stresses deform the individual perfect blocks of the lattice so that 
their effective size is larger in one direction than in another, they might pro- 
duce the anisotropic character of the reflecting power reported in this paper. 

The points to be emphasized are that inhomgeneous strains may deform 
a crystal, normally of high perfection, in such a way that certain lattice planes 
lose their near perfect spacing and parallelism, while others do not. On the 
other hand homogeneous strains do not destroy the perfection of any lattice 
planes. X-ray reflections are influenced by this perfection of planes (and not 
by the perfection of atomic distribution on a plane) and thus contain evidence 
of the condition of inhomogeneous strain in the lattice. 

This x-ray method of observing distortions in materials contrasts sharply 
with the photo-elastic method; here the strain gradient at a point is measured, 
while photo-elastically one observes the strain itself but is unable to observe 
it as a function of depth below the surface. The numerous methods that have 
been used to observe modes of vibration in quartz resonators and oscillators 

—air currents, powder patterns, observation of surface motion, crossed Nicol 
prisms, air ionization patterns—all yield data of different type than this. 

The authors are indebted to the personnel of the Radio Division of this 
Laboratory for its assistance and interest in this work. 
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ABSTRACT 

The Zeeman effect of the 3p°4s<-3p°4p and 3p°4p<—-3p'5s transitions of the K IT 
spectrum has been investigated in an effort to throw light on the failure of the 3p*4s 
configuration to obey Houston's multiplet relations and of the *P:—*Pp interval to 
follow the regular doublet law. The magnetically resolved lines from a Back vacuum 
arc were photographed in the 3rd order of a 21 ft grating in a Rowland mounting 
with a dispersion of 0.89A,‘mm. A special type of potassium press was developed for 
extruding potassium metal into the arc as needed. Analysis of the results shows that 
the classification of de Bruin and Bowen is correct. The g-sum for J=1 in. the 
3p*4s configuration is 2.57 +0.02 instead of the theoretical value of 2.50. This break- 
down of the sum rule is to be expected if the anomalous intervals in this configuration 
are caused by perturbations due to the overlapping terms of the 3p°3d configuration. 
Incomplete knowledge of the 3d levels prevents testing the constancy of the combined 
g-sums. The 3p°5s and 3p°4p configurations obey the g-sum rule satisfactorily. 


I. INTRODUCTION 


HE analysis of the K II spectrum was first given by de Bruin,! who was 

later able* to correlate many of the terms with the terms of A I as an- 
alyzed by Meissner.’ Bowen‘ extended the correlation and located the ground 
term from the resonance lines in the extreme ultraviolet. He also classified the 
Ca III spectrum in the same iso-electronic sequence. While seeking to extend 
this sequence the author noticed an exception to the regular doublet law for 
the *P.—*P» interval of the 3p*4s configuration in K II. The screening con- 
stants calculated from the equation 
Ra*(Z — a)! 


nI(l + 1) 


are given in Table I. The usual smooth gradual decrease of ¢ in an isoelec- 
tronic progression is here seen to be broken at K IT. 











TABLE I, 
Spectrum Z Interval o 
Al 18 3 p®4s3P 7.307 
K II 19 3p®4s3P 6.487 
3p*5s3P 7.115 
Ca IIT 20 3p®453P 7.015 
1 T. L. de Bruin, Zeits. f. Physik 38, 94 (1926). 
2 T. L. de Bruin, Dissertation Amsterdam (1927); Arch. Neérlandaises des Sciences 11, 
70 (1928). 
3K. W. Meissner, Zeits. f. Physik 39, 172 (1926); 40, 839 (1927). 
41. S. Bowen, Phys. Rev. 31, 497 (1928). 
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Laporte and Inglis’ pointed out the failure of the four terms ('P, *P) of 
this configuration to follow Houston’s multiplet relations and suggested that 
possibly there was an error in the classification. They found that the 3p°5s 
configuration obeyed Houston’s equations well. 

It is noteworthy that, as shown in Table I, the triplet width in the 3p*5s 
configuration is just right to give a reasonable screening number for K IT (the 
screening of a 5s electron should differ only very slightly from that of a 4s 
electron). Also, this triplet width agrees very closely, as it should, with the 
doublet width of the ground term of the K III spectrum as determined by 
Bowen.‘ Furthermore, if a plot of the 3p°4p terms relative to their centroid is 
made for the A I, kK II, Ca III isoelectronic sequence,’ the points for K II fall 
very nearly on straight lines between A I and Ca III. 

It is thus apparent that the classification of the 5s and 4 terms in K II 
is very probably correct, making it less likely that the 4s terms are not right. 
A more probable explanation of the above mentioned anomalies seemed to be 
that the overlapping of the 3p°3d terms with the 4s terms causes as inter- 
action between the two configurations. In such a case the usual regularities 
would no longer be expected to hold. A similar case has been found in Rb II 
by Laporte, Miller, and Sawyer,’ and other examples of the same general 
phenomenon are continually being reported in the literature. 

In view of the wide application of the almost universal regularities here 
violated, it was considered worthwhile to undertake a Zeeman effect study of 
the K II spectrum to throw more light on the anomalies. De Bruin*® attempted 
to confirm his analysis by Zeeman effect photographs, but was not able to ob- 
tain any completely resolved patterns, so that g-values could not be deter- 
mined. The triplet and quartet blends of 8 intense lines were shown to be of 
the right general type, however. 


Il. EXPERIMENTAL DETAILS 

The magnetic field was produced by a water cooled Weiss type electro- 
magnet very generously loaned for this investigation by the Ryerson Physi- 
cal Laboratory of the University of Chicago. The pole separation was 4.6 
mm and the pole tip diameter 10 mm. With a current of 12 amperes through 
the coils, a magnetic field of about 32,500 gauss was obtained. This was de- 
termined separately for each exposure by using the Zn lines 4680, 4722, 4810 
as standards. 

The light source was a Back interrupted vacuum arc.* Considerable difh- 
culty was experienced in exciting the potassium spectrum with sufficient in- 
tensity between the magnet poles over long enough periods of time. Finally a 
special potassium press was developed for extruding potassium metal into 
the arc as needed. Fig. 1 shows the construction. The whole arrangement 


5 O. Laporte and D. R. Inglis, Phys. Rev. 35, 1337 (1930). 

6 For examples of this see, for example J. E. Mack, O. Laporte and R. J. Lang, Phys. Rev. 
31, 748 (1928). 

7 O. Laporte, G. R. Miller and R. B. Sawyer, Phys. Rev. 38, 843 (1931). 

*E. Back, Handbuch der Experimentalphysik XXII, 59. Akad. Verlagsgesellschaft, 
Leipzig, (1929). 
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was mounted on a flanged plug which fitted into one of the 1 inch holes around 
the rim of the cast bronze ring which formed the walls of the “Back box”. A 
6.3 mm plunger in a brass cylinder actuated by a screw forces potassium into 
a 1 mm hole in the center of a copper blade 2 mm thick which fits up against 
one pole piece, but is insulated from it with a strip of mica. On the axis of 
the pole piece a 0.5 mm hole is drilled in the copper blade parallel to the lines 
of force, through which the potassium is extruded. A fine copper tube carries 
cooling water around the edge of the copper blade to keep the potassium from 
melting. Without this the rate of flow became quite uncontrollable as soon as 
the potassium melted just back of the hole. 

+ The other electrode was a thin strip of molybdenum. This was caused to 
oscillate about 10 times per second along the lines of force by a eccentric 












































































































































Fig. 1. Potassium press for extruding potassium metal into the arc. 


mounted on the shaft of a small motor. The arc was operated from a 116 volt 
d.c. circuit with rheostats and an inductance in series and drew an average 
current of 1.8 amperes. 

The magnetically resolved spectrum lines were photographed on Eastman 
40 plates in the 3rd order of a 21 ft Rowland concave grating in a Rowland 
mounting. The grating was 5.6 inches wide and was ruled with 15,000 lines 
per inch. The alignment of the grating and slit and the focus were carefully 
adjusted by trial exposures of the hyperfine structure of the Hg 4358 line. The 
slit width used for the Zeeman pictures was 0.018 mm. The temperature of 
the grating room was held constant to within 0.03°C by a thermostat ar- 
rangement. 

The region from 3400A to 5200A was covered on 5 plates, with a disper- 
sion of 0.89A/mm. The exposure time varied from 24 hours to 42 hours. The 
parallel and perpendicular polarizations were not separated. This would have 
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necessitated doubling the already tedious exposures. Usually there is no 
doubt as to the identity of the parallel components because of their greater 
intensity. In certain cases where the two polarizations overlap there is a re- 
duction in the amount of information derivable from a single pattern, in that 
only one of the g-values involved in the transition can be determined. 

It was found that Zeeman components lying closer than about 0.07A 
(0.3 Lorentz unit) to each other were not resolved. This is somewhat greater 
than the line width usually obtained from the type of source used, but it is 
believed that the diffuseness is due to the inherent natural breadth of the 
potassium lines, rather than to imperfect experimental conditions, because Cd 
and Mo patterns on the same plates were very sharp, coming fully up to the 
results expected from the grating and plate used. 

The measurement of the separation of the components was carried out on 
traces made with a Kipp and Zonen type A recording microphotometer giv- 
ing a magnification of 50 times. Six records taken at different points verti- 
cally along a spectrum line were averaged. A millimeter scale was printed on 
the sensitive paper immediately after the trace of the photographic plate had 
been exposed. This insured that any changes in length during development 
or thereafter would be immaterial, as well as greatly facilitating the measure- 
ment. 


III. RESULTs 


A sufficient number of completely resolved patterns was obtained to fix 
the g-values of the 4s terms and most of the 4p terms. Shenstone and Blair® 
have calculated the distance of the “center of intensity” from the position of 
the undisplaced line for unresolved triplet and quartet blends and shown how, 
when one of the g-values involved in a transition is known, this can be used to 
find the other g-value. Their method was applied to the unresolved potassium 
patterns and the remaining g-values thereby determined. The best success 
was obtained with the ¢-components of quartet patterns (AJ =0), where the 








TABLE II. 
Wave-length Classifi- Type Calculated Observed Remarks 
cation 

5005 . 60 455;—4Pio C (0.52), 1.47, 1.99 0.53, 1.48, 2.01 
4943.24 45.—4ps B (0), 1.18 0, 1.18 bf 
4829.23 45,;—Apio A (0), (0.49), 1.01,1.50, 0,0.49, 1.01, 1.50, 1.99 

1.99 
4659.38 3d3—4py A (0), 1.10 0, 1.08 bf 
4608 .45 452-45 B (0), 1.27 0, 1.32 b 
4595 .65 3d3—4ps C (0.35), (0.70),0.80,  0.37,0.74, 1.14, 

1.15, 1.50, 1.85 151, 1.88 
4466.65 4s;—4); D (0), 0.69 0, 0.69 
4388.16 45.—4), 44 (0.16), 1.02 0, 1.06 bp 
4340 .03 3d;—A4p; Cc (0.76), 0.69, 1.45 0.75, 1.46 d 
4309.10 452.—4p; B (0), 1.42 0, 1.50 b 
4288.70 4s.—4p; D (0), 1.10 0, 1.12 ¢ 
4263.40 4s,—4ps A (0), (0.32), 0.83, 0,0.31, 0.82, 1.13, 

1.15, 1.47 1.43 
4225.67 3d;—4 ps A (0), 1.09 0, 1.09 b 





* A. G. Shenstone and H. A. Blair, Phil. Mag. 8, 765 (1929). 
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TABLE II (Continued) 


Wave-length Classifi- Type Calculated Observed Remarks 


cation 
4222.97 452—4py Cc (0.29), 1.24 0.29, 1.24 b 
4186.24 45;—Apy A (0), 1.10 0, 1.09 b 
4149.19 4ds3—4p, D (0), 0.94 0,0.94 c 
4134.72 45;—4ps Cc (0.35), (0.70),0.80, 0.74, 1.16, 1.50, 1.84 
1.15, 1.50, 1.85 
4114.99 454—4p; c (0.78), 0.69, 1.47 0.75, 1.46 d 
4093.69 4p6—Ss; Cc (0.52), 1.35 0.54, 1.35 b 
4065.23 4p.—Ss D (0), 1.39 0, 1.39 
4042.59 3d;—A4p; Cc (0.34), 1.40 0.35, 1.39 b 
4039.69 3d,;—4p, Cc (0.51), 0.94, 1.45 0.51, 0.94, 1.45 
4024.88 4pi—5s5 A (0), 1.20 0, 1.22 b 
4017.52 4p.—5s, Cc (0.12), 1.33 0, 1.33 bp 
4012.10 454—Apy A (0), 1.08 0, 1.08 b 
4001.24 45;—4 p> D (0), 1.39 0, 1.39 
3995.10 4s,;—A4p; B (0), (0.81), 0.69, 0,0.81,1.51, 2.32 c 
1.50, 2.5! 
3991.80 4p; —555 B (0), (0.81), 0.69, 0, 0.78, 2.3 rf 
1.50, 2.31 
3972.58 3ds—4ps A (0), 1.24 0, 1.25 b 
3966.72 3d3;—4p2 B (0), 1.56 0,1.58 b 
3959.84 4p;—5s, D (0), 1.27 0,1.27 f 
3955.21 3d;—4p; D (0), 1.45 0, 1.45 
3942.53 4p3—5s2 B (0), 1.38 0, 1.43 b 
3926.36 4p;—5s,4 Cc (0.54), 0.69, 1.23 0.59, 1.23 d 
3923.00 4p,—5s D (0), 0.94 0, 0.94 
3899.28 3d;—4p2 Cc (0.06), 1.42 0, 1.41 bpf 
3897.92 45;—4 py Cc (0.52), 1.35 0.55, 1.35 b 
3878.62 4p,—5s2 C (0.33), 1.11 0.32, 1.11 bf 
2873.74 3dg—4ps D (0), 0.94 0,0.94 
3861 .41 4+ps—5s5 i (0.35), (0.70), 0.80, 0.35, 0.74, 1.15, 1.50, 
1.15, 1.50,1.85 1.85 
2817.50 4po—Ss5 1 (0), 1.10 0,1.10 b 
3800.14 4ps—S5s,4 1 (0), 1.11 0, 1.07 b 
3783.19 454—4ps; A (0), 1.23 0, 1.21 b 
3767 .36 4s,—4ps D (0), 1.47 0,1.48 
3739.13 4s,;—4p, B (0), (0.56), 0.94, 0,0.57, 1.50, 2.07 
1.50, 2.06 
3721.34 46 —S552 A (0), 1.18 0, 1.22 b 
3716.60 4s4—4p>o C (0.08), 1.43 0, 1.45 bp 
3681 .54 4s,;—4ps C (0.34), 1.41 0.34, 1.41 b 
3676.05 4p; —5s3 D (0), 0.69 0, 0.68 
3618.49 4s5;—4p» B (0). 1.56 0, 1.57 b 
3530.75 4s0—4p, D (0), 1.10 0, 1.09 
3404.24 4pi0—Ss; A (0), (0.49), 1.01, 0,0.48, 1.01, 1.49 f 


1.50, 1.99 
b=unresolved triplet or quartet blend. Here calculated means distance to center of intensity 
by Shenstone and Blair formula. 
¢ =impurity line obscures part of pattern. Low accuracy. 
d=o and 7 components overlap. 
f =faint line, difficult to measure. Low accuracy. 
p = positive and negative m components blended together, making apparent triplet. 

Notes. Calculated and observed columns give distance of component from field-free line in 
Lorentz units. ( ) means polarized || to field. Observed lines are not so marked because the two 
polarizations were not separated experimentally. Italic type means most intense component in 
group. 

Types A, B, C, D are the same as in Back’s Ne paper, reference 10, or as his “Grundtypen” 
I, II, III, IV respectively, in reference 8. 








intensity is symmetrical about a point displaced a distance (g:+g2)/2 from 
the field-free line, measure in Lorentz units. 
In the case of triplet blends the method is somewhat less reliable. The 
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laws of blackening of the photographic plate, and all the uncertainties of the 
photographic process make the location of the “center of intensity” very 
doubtful. Measurements were actually made to the peak of the microphotom- 
eter curve. With infinitely narrow microphotometer slits, this would be the 
point of maximum blackness, which would not be the center of intensity. 
However, the effect of finite slit width (plate grain necessitated fairly wide 
slits) is to push the peak toward the direction of smaller density gradient, a 
direction opposite to the previous error. A survey of all the results on triplet 
blends show that usually the first mentioned error predominates, indicating 
that the peak of the microphotometer curve is not the center of intensity, 
although it is the only practical point to select for measuring. 

The observed Zeeman patterns and those calculated from the g-values 
selected as the most probable are shown in Table II. In the case of unresolved 
patterns the position of the center of intensity calculated from Shenstone and 
Blair’s formulas is shown in the theoretical column. The notation use is the 
same as that used by Meissner for A I, except for prefixing the principal quan- 
tum number of the excited electron to a term in place of his series number. It 
is taken from Paschen’s classic analysis of Ne I and is in general use for rare 


TABLE III. g-values of K II terms. 





g-values 
Config. Term J=0 J=1 J=2 J=3 
3p 4s 4ss 1.50 
4s, 1 47 
4s; 0/0 
Ase 1.10 
Sum 0/0 2.87 1.50 
Theory 0/0 2.50 1.50 
3p'5s 555 1.50 
554 1.23 
5s 0/0 
5 1.27 
Sum 0/0 2.50 1.50 
Theory 0/0 2.50 1.50 
Spat 4 Pio 1.99 
APs 1.30* 
ADs 1.15 
4p; 0.69 
4 De 1.21° 
4p, 0.94 
Ads 30° 
4ds 0/0 
Ads 1.39 
4p, 0/0 
Sum 0/0 5.01 3.67 1.30 
Theory 0/0 5.00 3.67 1.33 
3 p'3d 3de 0/0 
3d; 1.45 














3d; 1.50 


* Determined entirely from blends. 








904 ALBERT E. WHITFORD 


gas type spectra. The correlation with de Bruin’s empirical notation is given 
by Bowen.* 

The g-values and the g-sums are summarized in Table III. The average 
probable error in a single g-value is about 0.01. 

IV. Discussion 

The complete agreement of the observed patterns with the types expected 
confirms the existing analysis of the spectrum due to de Bruin and Bowen. 
Furthermore, the g-values for the 4p terms follow closely those found by 
Back'’ for Ne I, the only other spectrum of this type for which a complete 
Zeeman study has been made. His values for the g-values of the terms in the 
same order as they occur here are: 1.984, 1.329, 1.137, 0.6695, 1.229, 0.999, 
1.301, 0,0, 1.340, 0/0. This is further confirmation. 

The g-sum for J =1 in the 4s configuration comes out definitely too large, 
having a value 2.57+0.02 instead of the usual 2.50. If the anomalies in the 
4s configuration are due, as was discussed above, to interaction with the 3d 
configuration, the g-sums of the two configurations would be shared and the 
sum of the g’s of all the terms having a given value of J in both configurations 
would be invariant. It is not possible to test this out as only 5 of the 12 3d 
terms are known, some of the others being so situated that transitions with 
the 4p configuration would lie in the infrared. 

The breakdown of the g-sum rule for the 4s configuration, however, is 
just what would be expected if there were a perturbing influence due to the 
3d configuration and is to be regarded as a confirmation of this explanation of 
the irregularities. It would not have been surprising if the g-value of the 
term 455(°P2) had departed from the value of 1.50 fixed by the sum rule. The 
probable reason for its being unaffected is that it is farther removed from the 
3d term which would be likely to perturb it. 

The 3p°4p—3p* 5s transitions were of course weaker and many did not ap- 
pear at all; a few fell outside the region photographed. Consequently it was 
not possible to determine the g-values of the 5s terms with as great accuracy 
as the others. The perfect agreement of the observed and theoretical g-sum 
for J =1 is probably fortuitous. The g-values for these two terms calculated 
from Houston’s formula come out 1.25 for each. The difference between ob- 
served and calculated is possibly within the range of experimental error. 

The difference between the observed value 1.30 and the theoretical value 
1.33 for the g-sum of the term for which J =3 in the 4p configuration is un- 
doubtedly due to the fact that it was determined entirely from two very 
broad triplet blends, where Shenstone and Blair’s method is least reliable. 
The g-sums for J =2 and J =1 in the 4/ configuration are in very satisfactory 
agreement with the sum rule. 

It is a pleasure to acknowledge the author’s indebtedness to Drs. J. E. 
Mack and C. E. Mendenhall for their helpful interest in this work. He also 
wishes to thank Mr. R. O. Anderson for assistance in making the micropho- 
tometer records. 


10 E. Back, Ann. d. Physik 76, 317 (1925). 
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ABSTRACT 

Calculations of the absorption probabilities in the continuous spectrum of the 
potassium atom were made to investigate the possibility that the second maximum in 
the experimental photoionization curve is of atomic origin. The model for the K atom 
is a single normal state valence electron moving in a non-Coulomb central force field. 
Two fields were used. The first was determined to satisfy the quantum conditions on 
the radial phase integrals for the x-ray and optical levels. This field is in error in the 
region of the deeper shells, and was replaced by Hartree’s self-consistent field for the 
K atom, corrected for polarization of the core to give the observed term values for the 
normal state and 3; orbits as eigenvalues of the wave equation. The wave functions 
were obtained by numerical integration, and the matrix integrals for transition proba- 
bilities determined graphically. The resulting probability curve was found to decrease 
steadily from the series limit, with no hint of the experimental maximum. It further 
appears that no reasonable changes in the field will produce such a variation. The mag- 
nitude of the absorption coefficient at the series limit is about 2 X 10-*° by our calcula- 
tions, and 

— df/de = 1/3 »/R (IF, 

where J is the matrix integral, is 0.0024, much smaller than for lighter hydrogen-like 
atoms. From the percentage association of the vapor and —df/de for the atom it is esti- 
mated that the second maximum could be attributed to molecules if —df/de per 
valence electron at the molecular threshold were about 2. This value seems very 
large, but not impossibly so. 


HE photoionization per unit light intensity in potassium vapor as a func- 

tion of the frequency of incident radiation shows two maxima,' one at the 
series limit, 2856A, and another at 2340A. The number of molecules present 
in the K vapor under the conditions of the observations was not very large, 
and it has seemed probable that the observed absorption was due to atomic 
K. If this were so the course of the absorption coefficient for the K atom 
would be very different from that of hydrogen or any other alkali atom, for 
except in the case of K the absorption falls off rapidly and steadily from the 
limit. It seemed of interest to determine whether this anomalous behavior 
could be understood theoretically. We have therefore calculated the absorp- 
tion coefficient quantum mechanically, taking as a model for the K atom a 
single valence electron moving in a suitably chosen non-Coulomb field. Calcu- 
lations similar in some respects to ours have been made earlier for other alkali 
atoms. Thus Hargreaves? determined relative intensities in the continuous 
spectrum of lithium, using the central field of Hartree, with numerical and 
graphical integration. During the progress of this work calculations by 
Trumpy’ for lithium and sodium have appeared. 


1 Lawrence and Edlefsen, Phys. Rev. 34, 1056 (1929). 
2 Hargreaves, Cambr. Phil. Soc. XXV, 75 (1929). 
> Trumpy, Zeits. f Physik 71, 720 (1931). 
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We have used two methods to determine the field in which the valence 
electron of our atom moves, in both of which the core electrons are taken into 
account only by the addition of their field to the field of the nucleus. One is 


a 


By 
Pa 





1 —_— 1 L 1 L 2 a Rhcceenmnll 


32 34 Je 36 40 Ae 





Fig. 1. Relative ionization probability, B,, of potassium vapor asa function of the frequency 
as obtained by Lawrence and Edlefsen. 0.32 is the term value for the normal state, and thus the, 
frequency of the series limit in units of R. 











Fig. 2. Fields representing the K ion. Curve K was obtained by the phase integral method. 
Curve H is the Hartree self-consistent field, corrected for polarization of the core. r is in units 
of de. 
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substantially that applied by Zwaan‘ to the computation of the line inten- 
sities of Ca*. In this method the field is so chosen that the radial phase inte- 
grals have the proper half integral values when the corresponding experimen- 
tal term values are given to the energy. In the second method we started with 
the self-consistent field for the K ion; for this we are greatly indebted to Dr. 
Hartree, who communicated his values to us. This field we adjusted to give 
the correct term values for the normal state and the 3; orbit, by a theoret- 
ically derived correction for the polarization of the core. We shall discuss 
these two methods in order, and shall return later to a consideration of the 
possible error in our determination of the field, and its effect upon the ab- 
sorption coefficient. The two fields differ appreciably, but they give approxi- 
mately the same absorption curve; in both cases the absorption decreases 
steadily from the limit, and thus fails to agree with the experimental results. 

It is convenient to work with “atomic units”, which are defined: 

Unit of length, a) =h*?/42’me’, radius of the first Bohr orbit of hydrogen. 

Unit of energy, Eo =e?/2ao, equal to the ionization potential of the H atom 
with a fixed nucleus. This is one half the unit adopted by Hartree.® 

Unit of time, 1/47cR. 
Then —E=eEo, V(r) =v(r)Eo, and r is expressed in terms of do. 

For the first method we proceed as follows: The Kramers phase integral 
with these units is 


1 "max 1 
n—-1—}= — —(— er? — (I — §)? — r*n(r))*/2dr. 


T r 


na 


The field is determined graphically, using in this expression the empirical 
values of € for each level in turn, with the proper quantum numbers. Values 
for the x-ray terms were obtained from Siegbahn’s tables, or from the Mose- 
ley diagrams. Fine structure differences were neglected and a mean value 
taken for multiplet terms. Data for the optical levels were those given by 
Paschen and Goetze. For each orbit er?+(1+4)? is a parabola, and an initial 
vr? curve is assumed, to be varied until the integral, evaluated by means of a 
planimeter, is as nearly (7—1—}4) in every case as possible. In thus attempt- 
ing to satisfy simultaneously the quantum conditions for all the terms it is 
assumed that the field is the same no matter from which shell an electron is 
missing. The error introduced by this assumption could amount to almost a 
whole unit of charge for the inner shells, since the charge density of the va- 
lence electron near the nucleus is small compared with one belonging to the 
K or L group. When the curve of calculated intensities failed to reveal the 
experimental maximum the Kramers field was abandoned in favor to the self- 
consistent field of Hartree; for small radii, however, it serves as a lower limit 
to variations possible in the field, as will be explained later. 

In the self-consistent field the actual field of every electron is represented 
by the field of its mean charge distribution. Such a field does not take into 


* Zwaan, Doctor's Dissertation, Utrecht, 1929. 
* Hartree, Cambr. Phil. Soc. Proc. XXIV, 19 (1928). 
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account the polarization of the core by the valence electron, and in the case 
of K the ionic field given by Hartree fails entirely to give the observed term 
value for the normal state. For large radii we may introduce a polarization 
correction by subtracting from the potential ae’/r', where a is the polariza- 
bility of the core, 0.8 X10-*! for K. This correction was made directly for r> 
3ay; in the region 7 <0.8a9 the Hartree curve was left unchanged; in the inter- 
mediate range 0.8a)9<r<3a,) the Hartree curve was so lowered that it joins 
the other portions smoothly, and that it gives, on numerical integration of 
the wave equation, the experimental term value for the normal state and very 
nearly that for the 33 orbit. 
The radial factor of the wave function satisfies the equation: 


is ll + 1) 
i ale x +(2-<- x = 0. 


y2 
If we write P=ryx, the equation for P is 


P’+(@~—e—Ul+1)/r)P = 0. 


Fig. 3. Wave functions for the normal state, 4, and two points in the continuum: 
«=0, e= —0.06. The range of r in the diagram is 21 ao. 


The observed term value for the normal state (4; orbit) is 0.32, and/=0. The 
general method for determining wave functions was numerical integration,® 
starting from a series solution of the equation with v=38/r very near r=0, 
but approximations suggested by Kramers’ served for comparison and check- 
ing; at large r the analytic solution for a Coulomb field was used, being fitted 
on smoothly to the curve at a point beyond which it was justified. The maxi- 
ma and nodes of the normal state wave function are almost independent of 
reasonable changes of the field, (0.84) <<r<3ao), but the term value deter- 
mines the point of inflection, so that the requirement that the function ap- 
proach zero asymptotically for a given eigen energy gives a sensitive check on 
the field. Such a field is not unique, but, starting with Hartree’s determina- 
tion and keeping the condition on the phase integrals satisfied, a polarization 
correction is fairly well defined. 


6 See reference 5. 
7 See reference 4. 
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For transitions to the continuous spectrum of energy values we must have 
1=1, to satisfy the selection rule. The wave equation becomes 


P" + (»v —e — 2/r*)P = 0 


where — € is now positive. The wave function is oscillatory, and the solutions 
of the asymptotic form, P’’—e¢P=0, are circular functions. The solution is 
chosen which is zero at r=0, and behaves there as r'*'. The wave functions 
are found by numerical integration throughout the region in which there is a 
contribution to the matrix integrals. 

The normal state function is normalized in the usual fashion, by deter- 
mining graphically {o”*P2dr, but normalization in the continuous case is more 
troublesome. Hargreaves shows that the normalized solution is 

1 aL +bM 


wills (2 4+ p22 
with 
aG — BH y all + 6G 


? ? 


Here 
a+ if = (2 + é&)exp(—ie!2x/2) 


and G and // are power series solutions of the equation P’’+(2/r—e€—2/r) = 
(0). 
G = o7(ao + ayo + ao? + aso? + ---) 


1 
H = —(bo + bio + boo? + bio? + -- +) + cG(c) logo 


o 


with ¢ =2r. 

In practice G, H, G’, H’, were evaluated for the point nearest the origin at 
which the field may be assumed Coulomb, a and 8 calculated, and thus L, M, 
L', M’, determined. These were fitted onto the values of P and P’ obtained 
by numerical integration at that radius by means of determining a and 6 in 


1 aL + bM 


gill /4 (a? 2 b2) 1/2 





It is obvious that this method fails for «=0. The normalized solution® for 


this case is 
: ad, + bH, 
(1/2)1"2# 
(a? + ?)!/2 


G, o'/2J3(2o! 2) 
Hy = o'!¥3(26"/?) 





8 I wish to thank Mr. R. Edwin Worley for his assistance in the computation of these 


series. 
® Hartree, Cambr. Phil. Soc. Proc. XXIV, 430 (1928). 
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J is the ordinary Bessel function and Y is Neumann’s Bessel function of the 
second kind: 








, 2 PY 
JaQout) = Sy gatanis 
no N'(n + 3)! 
. i¢ v(n) + ¥(3 + 2) 
V3(20'/2) = — J;(20'!2) log o!/? — oy pire 5 (3+2n)/2 
” T n= ni(3 + n)! 
1 & (2—~2)! 
—_— diitet g (20-3) /2 
T «end n! 
where ¥(n) = —0.0557216+1+3+ ---+1/n. 
~ 
ate a 
% \ 
\ 
. x 
\ \ 
a= Ne 
- " i nae 
/ 
| 
| \ 
| we 
j 
| aad 
| 


Fig. 4. Plot of rP,,P_.dr as a function of r. Curve J is for «= —0.06, and curve 
II for «=0. Again the range of r is 21ap. 


A value of r may be chosen for which 2¢' is an integer, and values of J and 
Y obtained from tables of Bessel functions. J’ and Y’ are determined by their 
relations to the functions of adjacent order. 

The absorption coefficient"® is given by 


i) 2 
| f PPP tr] 
82r%e*y 0 82% e*p 


= ae EE )? 


3he as 2 “She 
f Paar | 
0 


where P_, is normalized as above. The coefficient was computed for four 
values of €: €=0, the series limit, «= —0.02, corresponding to the minimum 





10 See reference 2, 
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of the experimental curve, «= —0.06, its maximum, and e—0.10. The re- 
sulting curve of probabilities falls off monatonically from the series limit, as 
shown by Fig. 5, somewhat faster than the A° law, and exhibits no suggestion 
of the experimental peak. Calculations made earlier with the Kramers field 
gave a curve of much the same form. The absolute value of the atomic ab- 
sorption cross-section at the series limit is about 2.2 X10-*°, while Mohler" 
gives 1 X10~'* from estimations on Ditchburn’s experiments, and 8 X10~'* as 
that for sodium. The values of —df/de=v(J)*/3R at the series limits for the 
hydrogen-like atoms are: 


H (Sugiura) 0.8 

Li (Trumpy) 0.46 
Na (Trumpy) 0.038 
K 0.0024. 











l i 1 1 i = 1 l i 1 
02 04. 06 08 10 
ow y 





— 
»- 
\ 


Fig. 5. Absorption coefficient as a function of frequency. The initial point and the three 
crosses represent calculated points, and the dotted curve shows the )° law. 


We now examine the field of the atom to find whether any possible changes 
will give the anomalous intensity maximum. It may again be divided into 
three parts. For r>5ap it is fixed, being, except for ae?/r’, very nearly Cou- 
lomb. For r<ao/2 Hartree’s field should be a good approximation, and any 
polarization effect would not bring it lower than the Kramers field, which, as 
we saw, also gave a decreasing curve of intensities. In the range a@o/2 <r <5ao 
the field is not precisely determinate, but we have examined the effect of 
changes in this region in some detail. In the first place the nodes of the wave 
functions in the continuum (see Fig. 3) will for any field move in with an in- 
crease of energy. From the plot of the matrix integrals (Fig. 4) we see that the 
two regions a and b nearly cancel each other; for our field } is the larger. In 
order that an increase in energy should increase the absorption coefficient it 
would therefore be necessary: (1) that a be larger than 6} for small energies; 

1 Mohler, Phys. Rev. Suppl. 1, 219 (1929). 

1? Sugiura, Jour, de Phys. VITI, 113 (1927). 
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or, (2) that the absolute magnitude of the normalized wave functions for the 
continuum should increase rapidly with the energy. We have convinced our- 
selves that no change which leaves correct the term value of the normal state 
can give a field satisfying condition (1); that is to say, it is impossible to 
change the field in the region a9/2 <r <5ao in such a way that the nodes are 
moved out appreciably and that the point of inflection of the normal state 
wave function remains in place. As to (2) we may say that for both the fields 
for which we have made calculations the magnitude of the continuous wave 
function decreases markedly and uniformly with increasing energy; we see no 
reason why an electron of energy 0.04, say, should spend a relatively very 
much larger time in the atom than one of energy 0.02. The analysis involved 
in the normalization of the continuous wave functions is, however, highly 
complicated, and we have not been able to exclude with complete rigor the 
occurrence of such anomalous behavior as suggested in (2). 

We have seen that the absorption coefficient falls monatonically from the 
limit, and that its magnitude there is approximately 2 X10-*°. It also appears 
that no reasonable changes in the atomic field will vield such a variation of 
the coefficient with the frequency as is shown in the experimental curve. It 
has been suggested by some authors that the second maximum is due to 
molecular ionization. According to calculations by Loomis and Nusbaum* of 
the percentage of association from the spectroscopically determined heat of 
dissociation, the ratio of molecules to atoms at 210°C, the temperature at 
which Lawrence and Edlefsen worked, is 2:1000. Their maximum could then 
be explained as a molecular phenomenon if df/de for the molecules at the 
threshold is approximately 2, as ce>mpared to the atomic df/de of 0.0024. This 
value, while not impossible, seems unreasonably large. Experiments are in 
progress in this laboratory to determine the velocities of the emitted elec- 
trons, and to find whether there is any dependence of the relative heights of 
the maxima on temperature, which should furnish a conclusive answer to the 
question. 

The writer wishes to thank Professor H. A. Kramers for suggestions at the 
beginning of work on this problem, and to express appreciation of the advice 
and encouragement of Professor J. R. Oppenheimer, under whose supervision 
the investigation was carried out. 


183 |.oomis and Nusbaum, Phys. Rev. 39, 89 (1932). 
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ABSTRACT 


Slater's theory of the complex atom as modified and extended by Zener and 
Eckart is applied to the 2? and 2° configurations of the carbon atom. The energy 
levels resulting from these configurations are computed. Some of the computed energy 
differences agree roughly with the experimental values, others indicate either that the 
method is not applicableor that theexperimental data are not reliable. The 2’, 'Slevel 
is found to lie nearest to the normal 2p*, *P level. Of the levels for which experimental 
data are lacking or doubtful, the 2p, 'D is computed to lie 12.9 volts above the normal, 
the 2%, 3S, 13.7 volts and the 2p, !P, 14.7 volts above the normal. 


‘Y INCE the completely rigorous solution of the complete wave equation for 
the more complex atoms seems to be impossible, many attempts at ap- 
proximate solutions have been made. This paper is an application of certain 
of these approximate methods to the calculation of the lower energy levels of 
the carbon atom. Two principles must be considered in any such method. 
First, only those levels exist which are characteristic numbers of Schrid- 
inger’s equation for the atom. Second, only those levels exist which are as- 
sociated with characteristic functions that are antisymmetric in the electrons. 
The electron spin is introduced from the beginning in connection with the 
second of these principles but is neglected with respect to the first. In deter- 
mining approximate functions, it is assumed that each electron moves in a 
Coulomb field of force but that electrons with different total or different 
azimuthal quantum numbers move in fields of slightly different strengths. 
The best values for these fields, that is the best effective nuclear charges, are 
determined. 

Following Slater,! the wave function for a single electron, that is, a solu- 
tion of Schridinger’s equation for a single particle in a central field, may be 
written as u(m;/xi) where m; stands for the four quantum numbers: n,, /;, m.,, 
m,, and x; stands for the four coordinates, three of position and one of spin. 
It is known that a product of N of these functions approximately satisfies the 
wave equation governing N electrons but is not antisymmetric. A linear com- 
bination of these solutions is also an approximate solution and that one which 
is antisymmetric may be written as a determinant: 


| a(,/x1) u(y / xe) «+ + u(ny/ xy) 


u(my/x1) U(ny/X2)-- > U(ny/ xy) 
1 J.C. Slater, Phys. Rev. 34, 1293 (1929). 
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This form is frequently shortened to u(y x1) -- + u(ny/xy)| by writing 
only the elements on the principal diagonal. When the subscripts are omitted, 
it is understood that they are in the normal order of cardinal numbers. 

From this wave function, the diagonal terms of the energy matrix are 
then computed: 


W, = [vattvstar f vavatar, (2) 
Here // is the energy operator neglecting spin: 
H= Dove? + 2Z/r) — Y(2/ri)). (3) 
i ij 


Distances are measured in units of ay =0.528A and energies in units of Rh 
em! = 13.529 volts =109678 wave numbers. Z is the true nuclear charge in 
units of e. 

In the development of these integrals, theorems and methods given by 
Slater! and also by Zener? were used. Slater shows that except where energy 
levels lie very close together or are degenerate the non-diagonal terms of the 
energy matrix are negligible. As a spherically symmetrical energy operator 
without spin has been assumed, the non-diagonal terms involving transitions 
between states with the same m and / values but different mm, and m, values 
can not be neglected since these states will have the samee nergy. However, 
use of the principle of the constancy of diagonal sums as discussed by Slater,! 
enables one to get the correct sums of energy values without actual use of 
pertubation calculations. This principle is: Given an orthogonal set of wave 
functions: y; - - - Wy, make an orthogonal set of linear combinations of them: 
yi’ ---wy’. Let the diagonal terms of the energy matrix, referred to the 
original set of wave functions, be W,--- Wy, and the diagonal terms of the 
energy matrix, referred to the new wave functions be W,’--- Wy’. Then 
Wit ---+Wy=W1'+---+Wy’, that is, to the zeroth approximation, 
the sum of a number of energy values is not changed by applying a pertuba- 
tion even if the individual values are. If, in such a sum, each of the energy 
values except one is known, that one can be determined by subtracting the 
known values from the sum. This “method of sums” is frequently used in 
this paper. 

If the determinants of Eq. (1) were substituted directly into the integrals 
of Eq. (2), (.V/)? terms would appear in each integral. However, Zener? shows 
that if but one term in the expansion of the first determinant is substituted 
into each of the integrals, there will be no change in W. This leaves only N/ 
terms. In developing the remaining determinant, terms containing all pos- 
sible transpositions of the N electrons would be found. Any of these terms 
which contains the electron function of a particular electron with a spin op- 
posite to the spin of that electron in the single term of the first determinant 
which was retained, will also vanish. Lastly, since all the electron functions 
except those for 1s and 2s electrons are orthogonal and since H acts on at 


2 C. Zener, Phys. Rev. 36, 51 (1930). 
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most two electron functions at a time, those terms containing three or more 
transpositions (except for 1s and 2s) from the order of the single term will 
vanish. These conditions greatly reduce the number of terms involved in 
computing W. 

Eckart*® has shown that if arbitrary screening constants, or as has been 
used in this paper, arbitrary effective nuclear charges are introduced into the 
electron functions and then these charges varied to give maximum negative 
values to W, the resulting value of W is a good approximation to the cor- 
responding term value. From what has gone before, it is evident that this is 
true even when JW’ has been calculated by the method of sums. Actually it 
was found in the cases tried that the numerical result was essentially the 
same whether the maximizing process was applied before or after the method 
of sums was used, though this is not theoretically necessary. 


APPLICATION TO THE CARBON ATOM 


It was found convenient in the actual calculations to replace the general 
notation u(n; x;) by a shorter non-systematic notation as given in Table I. 








TABLE I. 
ls u(100 /x;) u =2(a)'/2e-"T Vo 9 =* 
2s u(200 /x;) v = (83/2)"2-r(1 —Br/2)Vo.0 =y* 
2 p(m, =0) u(210/x;) x = (73/6)"2(yr/2)e“7"/2 V9 =x* 
2p(m,; = —1) u(21—1/x;) w= (+y3/6)"/2(yr/2)e"V"/2? VY, 1 =y* 
2p(m, = +1) u(211/x;) y = (y3/6)"/2(y7r/2)e—7"7 Vi, 41 = y* 

(21+1) (—m,)! \"? 

rnm( ocean ) em oP), , (cos 6) 
4r(1/+-m,)! 


Yoo=(1 4ar)'/2 

Y; e=(3 4r)! 2cos 6 

Yy.-1 = (3 87)! 2sin 6e-'? 
V,.41=(3/82)"/? sin 6 e* *° 

Yoo =(5/42)/2(1/2) (3 cos? 6-1) 
V2+1,=(15/87)/2ex *?sin 6 cos 6 
V2,+2=(15/327)/*et?'sin? 6 


+ 
+ 








In this new notation the spin quantum number is not directly included but is 
represented by a (+) or (—) sign written as a superscript. The undetermined 
nuclear charges which are to be determined by the maximizing process de- 
scribed above are represented by a for 1s electrons, 8 for 2s and y for 2p elec- 
trons. It was found desirable in making the numerical calculations to trans- 
form these quantities by 8 =a/x and y =a/(x+y). 

The lowest states of the carbon atom arise from the configurations 1s*2s* 
2p? and 1s?2s2p*. The possible wave functions for the first of these configura- 
tions are given in Table II and for the second in Table III. The fourth col- 
umns in these tables give the allowed states assuming Russell-Saunders coup- 
ling and noting that in the first configuration there are two “equivalent” 
p-electrons outside of the closed shells while in the second configuration there 
are three “equivalent” p-electrons and an s-electron outside of the closed 
shell. These allowed states are discussed in “Structure of Line Spectra” by 


3 C, Eckart, Phys. Rev. 36, 878 (1930). 
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TaBLe IT, 

=m) om. 
Ye=\uru-v'v yy 2 0 1p 
Yo=lutu-vty-y*x 1 1 3p 
Ye=|utu-v*v-w'y 0 1 1p 
Ya=|utu-vivy 1 0 1D 3p 
We=|utu-vtv-xty 1 0 1D 3p 
vj =lutu-vty yw 0 0 1p 7? %§ 
Yo=|utu-vte-xtx- 0 0 1p 2 SS 
Va=|urtumvty-w'y- 0) 0 1p - 

TABLE III, 

=m, =m 
Yix=jutu-vtwrx'y 0 2 S 
Yo=|utu-vty*xty 2 1 3p 
Y3=lutu-vtytxtx- 1 1 sp) 3p 
Ye=lutu-vtytwry 1 1 3p sp 
Ys=|utuv'y xw 0 1 > = %§ 
Ye=|utu-vty wrx 0 1 > FF 3S 5 
Yr=l|utuvx wry” 0 1 Dp Pr SS 
Ye=|utu-v-ytxtw* 0 1 7 =P *§ %*$ 
Y= | u-vtyty-x- 2 0 7D 'D 
Yio= | urtu-v-y*y-x* 2 0 3D 'D 
vi=|utu-vory*yw 1 0 2 Dp sP YP 
Via= | urume xy x 1 0 ‘Dp ip sp tp 
vis=|utuvy yw" 1 0 3D 1D 3*P 3p 
Yie= | utu-v-x yx? | 0 3D 1D *P 1p 


and six others 


Pauling and Goudsmit, Chapter IX and in many other places. The wave func- 
tion of a state having a given value of .\J = =m, and a given Russell-Saunders 
symbol is a linear combination of the y’s appearing opposite these entries 
in Tables II and III. Thus for example: 


¥(°P, M = 1) = ava + bY. 
¥(ID, M = 1) = chat dye. 


These linear transformations are always orthogonal and it is thus possible 
to apply the method of sums. 

In expanding the integrals of Eq. (2), the methods of Zener’ as discussed 
above were followed. For example: 


J vutestar/ [vata 


J wuway H |uuvyxw — vunyxw — yuouxw — xuvyuw 


II 
II 


II 
II 


Wi 


[utter 


— WUVYVXU — UUYIXW — UUXYVW — UUWYXV — UNVWHKXY — UUVXYW 


— uunvywx + vuuway + vUUXyw + VUUywWX + yYuUUVXW + XUUYW 


+ wuuyxv + vuyuxw + vuxyuw + vuwyxuldr 


J ¥iWi*dr = J wueway[anoyar _ vuuyxw|dr. 
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Here the conjugate complex functions have been replaced by their equivalents 
as given in Table I. Hence from here on, orthogonalities are computed with- 
out using the conjugate of one of the functions. 

Because of orthogonalities between functions of s- and p-electrons and 
between those of two p-electrons, the sum of whose m, values is not zero, 
[ {(u or v)(w or x or y)dr = fwx dr = [xy dr = ww dr = [yy dr =0] these integrals 
fall into two groups. In the first two integrals of the above example, there 
are no such orthogonalities and an integral takes the form: 


i) MUTWHY | Sve + 2Z/r;) -— (2 | uuvyvxwdr. 
i ij 


In the others, the presence of two orthogonalities causes all terms coming 
from the first summation to vanish and only integrals of the form: 


J ruewxry D5 (2/rij)unvyxwdr 


ij 

remain. In expanding the summations, two distinct types of integrals result» 
those coming from the first summation and those from the second. The first 
of these types involves the product of two normalized spherical surface har- 
monics. Eckart*® gives the following formulas (here corrected for certain 
typographical errors which appear in his paper) for reducing these to integrals 
of more familiar algebraic functions and for evaluation of the new integrals. 


ff i f(r) [V1(8, ¢) |2¢(r2) ‘ry 2} drydr2 
=4r f f(ridry i) 2(r2)re"dredr, 
r »=90 re=0 


+40 f finn f g(r2)redredr, 
— re=l; 


ff f(r) ¥i(1, o1)g(r2)V 1(62, 2)/ri,2}dridre 


= yin f ford f g(re)re!**dredr;, 
\ ry=0 rg=0 


m ] 
+4 f f(r ret f g(re)re!—"dredr } _—_. 
T en _§ ) drat ' Ql4 1) 


i 2 i 


x n 
i) rre-erdr = (ml/a"*2e-er (ar) */k! 


k=O 


r n! sa 
f r"e-*"dr = —— — f r"e~*"dr 
n+l 
0 a r 


since only integral values of m are involved. The second type involves the 
product of four harmonics. These can be reduced to products of two only by 
the following relations which are easily shown to be true by substituting the 
actual values of the harmonics. 


and of course 
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; 1 ; 1 ; ; a\" 
i= — Yoet — - Vo.o Vin = ( ) Vo.41 
(4xr)'/? (Sa)}/? 20x 


9 1 1 3 \u? 
} 1-1) La. = ree V0.0 pend eros: - V 0 V; HI" - 7 -) Vo+2 
(4)! (20r)'/? 107 


Table IV gives all the resulting integrals. 
TABLE IV. 
= fuvdr = (2x)5/2(x —1)/(x+4) 


h.“ = fulv?u+2Zu/r\dr =(2Z—a)a 
hy." = fol|v?e+2Z0 r\dr=(2Z—a/x)a ‘4x 


a a 
hi? = [x{M8x+2Zx/r\dr = fwi[v?y+2Zy/r]dr= 127 
4(x+y) x+y 
hy = flute +ev2u+4urZ (rjdr = | 2abx ‘(x —1)!|Z—a 4 —(Z —a@) /4x?] 
aA = /uueldr rie=1.25a 
: 2x—1 60x* —8x—1 
aB = /uyvyue2dr ri2=a8(2x)! “| 
(2x+1)8 (6x+1)* 
; a 2(4x+1) 4(5x4+1) 3(6x+1) 
aC= fu? 2dr rio = (1 >= : | 
2x (2x+1)3 (2x+1)! (2x+1) 
; : a 6(x+y)+1 
aD = fuy?x?2dr /ryo= [uy wey22dr /ry2= i1 
2(x+y) (2x+2yv+1)* 


20x? —30x+13 


ak= {\0\Uot.2dr riz =a32x"{ ] 


: (2x+1)? 


Par 
f 2x-1 
aG = fuyyyx2?2dr/r12= fuyrywey22dr/ry2=a8(2x)"? — 


\ (2x+1)* 
(x+y)? 6x(x?+xy—y) 
2x2 +-2xyt+x—yt+ — - ate | 
(2x?+2xy+3x+y)8 2x? +2xy+3x+y 
6x2(2x?+2xy —x—3y) 16x3(x?+ xv —x—2y) || 


(2x°+2xv+3x+y)? (2x? + 2xv+3x+y)3 
; 224a(x+y)? 
aH = fuywiu Wo2dr/r12= [MX U2X2.2d7/ry2= 
3[/2x+2y+1]' 


al = fuyyyvewe2dr /r12= fuyxy2x22dr /1 2 = (—)(256 3)a(2x)"2(x+ y)? 


y 2x°-+2xy+x—y 
(2x+2y+1)? (2x+y)3  (2x+2y¥4+1)° (2x°+2xy+3x+4+y)3 
4x(x?+xyv—y) 3x?(2x?+2xy—x—3y) 
T + 
(2x+2y+1)! (2x?+2xy+3x+y)!  (2x+2y+1)3 (2x2? +2xv+3x-+4 y)? 
6x3(x?+xy —x—2y) 
(2x+2y+1)? (2x°+2xy+3x+y)6 
a x1(45x5 + 106x?y + 86xy? + 243) 
ak = fv,2x2?2dr, ri2= ome 1- ” nae | 
2(x+~y) (2x+~y)? 


2ax'(x+y)? 
aL = fvyxiv2x22dr/ Kig =—————[45 x? + 132xy+101?] 
3(2x+y)? 
aO = fwyyix2?2dr/r12=894a/2560(x+y) 
aP = fwixyyex22dr/ri2 = 54a/2560(x+y) 
(O a 2P)a = fx ;2x22dr 'Ti9 
(O+P)a= /wiyiwey22dr/ris 
2aP = [w;y22dr lr 19 
aQ = /v,"v222dr; ’i2= 77a/256x 
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1 
aT = fv2v—u22dr/112=a8(2x)!2 — {32+80(2x+1)+ 
(2x+3)° (Qx+1) 


24(2x+1)?+10(2x+1)3+(2x+1)4 —————— t 498-4-384(2%-4-1) + 
(2x+1) (2x+3) 
490(2x+1)? + 100(2x + 1)*+36(2x+1)*+3(2x+1)° }} 
Certain useful contractions in notation. 
R, = 2h,*+h+3h7 —alA+2C+6D4+3K] 
R2= Ph. +2bhw+30'h —al2bB+2hD+E+6G] 
Ra =2h,*+2h,+2h —alA +4C+4K+0 
Ro = Ph YX +Ph+ bh +20h —al2bB+0C+22D+E+4bG+22K +26T] 


R. = 26h,” +2b¢h,* —a6B2E +8bG] 
Si= —al —3H+6bI—3L] 0.8369 (1 —b?) 
S2= —al —(3-—b)H+4b/ -2L) 0.5841 (1—b?) 
S3= —al —3(1—B)H] 0.0785 (1—8) 
Se= al —(3 —2b°)H+2bI —L] 0.3313 (1—b*) 
S,= —al —2(1—b°)H4+-4b(1 —B*) 7 —2(1 — 82) L] 0.5580 (1 —8*)2 
F,=(Si:+Ri—R2)/(1—B) 77.8358 
F,=|S2.+R,—R2|/(1—B*) 77.5830 
Fy=|Ss+Ri— Rs (1-8) 77.0774 
Fo= Set Ri —R2|/(1—8) 77 .3303 
F,=[Sat+Ro— ht R (1-2)? 75.8699 
(R: —R:2)/(1—B) 76.9989 
_(Ro=2Ri+R)/(1 0 75.3119 














NUMERICAL RESULTs AND COMPARISON WITH EXPERIMENTAL DATA 

In evaluating the W’s for different assumed values of a, x, and y, it was 
found that a=5.7, x=1.3, y=0.6 or a=5.7, 8=4.37 and y =3.0 gave maxi- 
mum numerical values to all the W’s of both configurations. The numerical 
values given in the different tables are all computed for these values of the 
effective nuclear charges. In varying a, x and y to get these values, the maxi- 
mum was very flat, i.e., considerable changes in these parameters changed the 
value of the maximum but little. Hence this method is not at all critical for 
the determination of the best effective nuclear charges. However, this very 
flatness makes it unnecessary to vary a, x and y by excessively small steps. 

The numerical values for the different W’s are given in Table V. 








TABLE V. 
For the 1s? 2s? 2p? configuration Ma aximum numerical value 
WwW 1D) =W, =W,=W,=F,—a0—aP 74.7589 
W@P)=W.,=W.=Fa—a0+aP 74.8855 
Wa=W,.=F,—a0 74.8222 
W,=F,—a0—2aP 74.6956 
and by the method of sums, 
- WCS)=W;+W,+Wi-—W(D)— WP) 74.5691 
For the 1s?2s2* configuration 
WS) =W,= Fi -—3a0+3aP 74.8826 
W(@D) = W2= W;= W1= F.—3a0 74.4401 
W3=W,= F:—3a0—-—aP 74.3769 
We= F2—3a0+aP 74.5034 
Ws = F;—3a0+3aP 74.1243 
Wo = Wi0o= Fy—3a00 74.1837 
Wi1= Wie = Wi3= Wig = Fu —30AO —arP 74.1241 


and by the method of sums, 


WP) =W.+W;— WED) 74.3135 
WS) =Ws+We+W2+ Ws— WED) — WP) — WS) 73.8717 
WD) = Wy+Wo— WED) 73.9345 
WCP)= AWW ¢D)—W; (D)- W(P) 73.8083 
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A comparison of the results of these computations with experimental‘ data 
3s given in Table VI. In the fourth column of this table are given some ex- 
perimentally® determined intervals for the N* ion. Except for the effect of the 
increased nuclear charge, this ion should have the same possible levels as the 
carbon atom. The rather high value for the 2p’, *S level of carbon is suggested 
by the corresponding high value for this level in N+. 


TABLE VI. 
1s?2s?2 p? configuration Computed Experimental N* Experimental 
2p?, 3P —2p?, 1D 0.1266 0.0925 0.14 
2p?, °P —2p?,'S 0.3164 0.1970 0.298 
1s?2s2p3 configuration 
2p, §D —2p3, °S —0.4425 
2p3, 3D —2p3, 3P 0.1266 0.1018 
2p’, 3D—2p3, 1D 0.5056 0.1288 
2p, §D — 2p, 38 0.5684 
2p?, 3D—2p','P 0.6318 0.12906 
2p?, PP —2p3,5S 0.0029 (0.12) 
2p?, 3P —2p',2D 0.4454 0.5839 0.84 
2p?, 7P—2p',3P 0.5720 0.6857 1.0 
2p?, §P —2p','1D 0.9510 0.7127 
2p? 3P —2p3, 38 1.0138 1.42 


2p?, 3P — 2p, 1P 1.0772 0.7135 


It has been suggested from band spectra data, but the evidence is of 
doubtful value, that the 2p°, 5S level might lie about 1.6 volts above the 
normal and that is the only basis for the 0.12 value given in the table. 


CONCLUSIONS 

One of the reasons for undertaking this set of caluclations was to deter- 
mine the position or the 2p*, 5S level. According to certain theories of valence 
as applied to the carbon atom, this level should lie near the normal.® While 
these calculations are not able to fix its exact value, they do suggest that it is 
the level lying nearest to the normal 29’, *P level. 

It is to be noted that except for the 2p*, 'D and 'P levels, the computed 
intervals between different levels, of the same configuration are all larger (24, 
37 and 55 percent) than the observed intervals. On the other hand, computed 
intervals between levels of different configurations are smaller (17 and 23 per- 
cent) than the observed intervals. In the case of the 2p*, 'D and 'P levels, it 
seems uncertain whether this form of calculation gives less satisfactory re- 
sults for these levels or if, as is more probable, the published data which is 
admitted to be questionable, is wrong. 


4 Experimental data for carbon from Paschen and Kruger, Ann. d. Pkysik 7, 1 (1930). 

°> I. S. Bowen, Phys. Rev. 29, 231 (1927). 

§ Molecular Binding and Low *S Terms of N* and C. L. A. Turner, Nat. Acad. Sci. Proc. 
15, 526 (1929). 
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The value of Slater’s F?(1m:1n) comes out as 25aP/3 =0.5273. 

This set of calculations seems to show that while something can be learned 
of the location of energy levels by such approximations, still the accuracy of 
the results is rather worse than might have been expected from similar work 
on the still more simple atoms. 

In conclusion I wish to express my sincere thanks to Professor Carl Eckart 
who suggested this problem and under whose general direction this work was 
done, and also my thanks to Professor R. S. Mulliken for his active interest 
in the work. 
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EMISSION AND ABSORPTION SPECTRA OF BaF 


By F. A. Jenkins anp A. HARVEY* 
DEPARTMENT OF Puysics, UNIVERSITY OF CALIFORNIA 
(Received January 25, 1932) 

ABSTRACT 


Comparison of the emission and absorption spectra of BaF under high dispersion 
shows that all of the known band systems involve the normal state of the molecule. 
The following electronic terms and vibration frequencies are established: A, 0(w, 
= 469.1); B, 11,646.3 and 12,280.4 (437.7); C, 14,064.5 (424.6); D, 19,998.2 and 20,- 
197.2 (455.8); E, 24,152.3 and 26,222.3 (506.6). Terms A and B have already been 
recognized as 2X and “II states, while C is known to be an excited 22 state. The term D is 
shown in the present work to constitute an electronic doublet, and another doublet 
state, E, is identified by the discovery of a new band system in the ultraviolet. Some 
changes are made in previous assignments of vibrational quantum numbers in the 
B=A system. Electronic terms and vibration frequencies for the analogous molecules 
LaO, SrF, YO, CaF, and ScO are tabulated, some of these having been re-evaluated 
from the original data on the basis of the new interpretation. 


N A recent article by Harvey,! observations of the band spectra of CaF and 

SrF in absorption have been used to decide the correct assignment of 
vibrational quantum numbers, and to obtain information about the rota- 
tional structure of the bands. We have now extended this work to the spec- 
trum of BaF, which has been variously interpreted by different observers, 
all of whom studied the emission spectrum from the barium fluoride arc. The 
bands are closely grouped in sequences, and high dispersion is required to ade- 
quately separate the band heads. Plates were obtained in the first order of 
the 21-ft grating showing the spectrum in both absorption and emission 
for the range 3600—9000A. Four distinct band systems were found in the ab- 
sorption spectrum, covering the regions \A3650 —4136, 4842 —5139, 6912 — 
7426 and 7862 — 8690. Portions of each of these are shown in the enlargements 
of Fig. 1. The four band systems will be discussed separately. 


1. THE ULTRAVIOLET SYSTEM 


There appears to be no reference in the literature to this system, and it 
occurs on our absorption plates only at the highest temperatures used, about 
1200°C. Walters and Barratt? observed the absorption spectrum under low 
dispersion as far as \2800, but the only ultraviolet bands recorded by them 
are nine faint heads between 3311 and 3497A. We have been unable to ob- 
serve the bands in emission, probably because of their intrinsic weakness. 
Table I contains the wave numbers of the heads of this system, which are 
sharp, and degraded toward the further ultraviolet. The almost constant 

* Commonwealth Fund Fellow. 


1 A. Harvey, Proc. Roy Soc. 133A, 336 (1931). 
2 O. H. Walters and S. Barratt, Proc. Roy. Soc. 118A, 132 (1928). 
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separation of 2,070 em! between bands of corresponding intensity indicates 
that all bands belong to one system, whose upper state is a wide electronic 


” 


doublet. The appearance of the sequences 7’—7” =0 and +1 of the high- 
| § 


Tante l. Ware numbers and estimated intensities of bar é f the ultraviolet Bak em 
0 1 2 3 4 5 AG’ 
0 20,240.4 (10) 25,774.8 (3 25,313.11 501.8 
504.6 
24,172.1(4 
1 26,742.0 (6 26,270.8 (5 25,814.9 (2 25,350.8 (1 4198.6 
501.7 
24,076.7 (4 24,211.4(1) 
2 27,240.9 (2 26,775.3 (5 00 25.855.1 61 00 495 6 
496 8 
S17 3() 4.712.213 
3 27,270.9 (2 20, 809.1 (4 25.896.4 (0 492 5 
493.2 
00 25,208.9 (2 24,747.4(2 
4 27,301.06 (2 20,843.42 489 5 
489 7 
00 25,240.6 (3 24,782.61 
5 27.332.9 (1 26,878.10 485 8 
485.9 
00 25,272.3 (3 24,818.00 
6 27,363.90 
25,303.9 (2 
7 27,395.80 
25,355.4 (2 
405.5 401.8 $58.2 454.8 
AG” 
405.2 401.5 458.0 $54.3 


frequency component is shown in Fig. 1,V. The wave numbers of the heads 
are well represented by the equation 


)- 
— 468 .9(0" + 3) +1.79(0'7 + $)?. 
)? : 


” 94,152.34+508.4(0’ +3) —1.88(0" +3 
There is no doubt about the assignment of vibrational quantum numbers, 
since the intensity distribution is of a common type (see Fig. 1, V and 
Table I). The differences between the vibrational constants of the two com- 
ponents of the upper state, though small, are probably real. If they were due 
entirely to the fact that we are using heads instead of origins, a correspond- 
ingly large difference might be expected in the lower state constants, but this 
is not found. 

2. THE GREEN SysTEM 


This system has been studied in some detail by Johnson,’ who divides it 
somewhat arbitrarily into two overlapping systems, 7Y—?L and *A3.—°S. 
By a consideration of the difference in appearance of the bands in absorption 
and emission, which are similar to those found in the *I1=? systems of CaF 
and SrF, we conclude that only one doublet system is present, with an elec- 
tronic separation of about 200 cm~! in the upper state. The chief difficulty en- 


*R.C. Johnson, Proc. Roy. Soc. 122A, 190 (1929). 
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countered in previous interpretations of the green group has been the fact 
that only one sequence of heads besides the strong sequences with v’—v” =0 
has been known. We have now obtained the required data by identifying the 
+1 sequence in both components, and the —1 sequence in the high-fre- 
quency component of the electronic doublet. These are extremely faint rela- 
tive to the main sequences, as will be seen by reference to Fig. 1, I and II. In 
the —1 sequence sharp heads are not formed at the temperature of the ab- 
sorption tube, but the sequence presents merely a diffuse double maximum 
due to a number of superimposed bands. No difficulty was found in assigning 
values of v, since all the other sequences begin abruptly. The correct analysis 
of this system is shown in Table II, in which we have used Johnson’s data 
except in the case of the new bands, for which estimates of the relative in- 
tensity are given. 

The notation used in designating the band heads in Fig. 1, I and II, as- 
sumes a rotational structure of the *II=°2 type, the Re; and Re heads repre- 
senting the high-frequency component of the doublet, and the R; and Q; 


TABLE IT. Vibrational analysts of the green system of BaF. 


Ro, head R, R, 








v,t oF v’, vo” R, R, OQ; 
0,0 |20,248.5 |20,193.3 |20,026.1 |19,992.0 0,1 | 19,592.1 |19,529.4 
1,1 242.4 | 185.9] 015.7 | 980.0] 1,2 Diffuse | 584.2 | 521.2 
2,2 237.0 178.9| 003.6} 968.2| 2,3 | edgeat 577.1 513.4 
3,3 231.8 172.3 |19,992.6 | 956.8| 3,4 |19,736.4] 571.0 506.3 
4,4 | 226.6 982.2) 945.6! 4,5 Minimum 565 .6 498.5 
5.5 | 222.5] 160.0 — | 934.9] 56 | at | 491.5 
6.6 218.3 | 154.3 | 962.1] 924:3| 6,7  |19,715.8 484.9 
7,7 214.5 148.9 952.4 | 914.1) 7,8 | 478.7 
8,8 | 211.3 144.0 943.0 | 904.0] 8,9 472.6 
99 | 207.6 139.2 | 894.4 | 9,10 466.8 
10, 10 | 134.9 | 884.9 | 10,11 | 461.4 
11, 11 875.7 | 11,12 456.6 
12,12 | 127.1 | 866.7 | | 

v’, v” R; R, | 0; AG'(v’'—43) =| = AG"’(v" +4) 
1,0 | 20,647.8(0) | 20,469.3(0) | 20,444.5 (2) 452.6 464.5 

2,1 | 636.9(1) 454.1 (1) 429.2(3) | 449.2 460.9 

3,2 | 626.3 (1) 439.2 (1) | 414.1(3) | 445.9 457.2 

4,3 | 616.3 (0) 424.6 (0) 399 .3 (3) 442.5 453.7 

5,4 606 .3 (0) 410.7 (00) 384.8 (2) 439.2 450.0 

6,5 | 597 .4 (00) | 370.5 (1) 435.6 446.2 

7,6 | 356.7 (0) 432.4 442.6 

8,7 343 .3 (0) 429.2 439.3 

9,8 329.8 (0) 425.8 435.4 
10,9 | 316.9 (00) 422.5 432.0 








heads the low-frequency component. The justification of this assumption lies 
in the obvious similarity of the gross structure to that of other known 
"I=? systems. According to this interpretation, the system designated 
*x—*> by Johnson is the low-frequency component (*IT3,2=2?> if the doublet 
is inverted) while 2A3,.—?2 is the high-frequency component (7IT,;2=2?2). Our 
data on the new sequences permit for the first time the evaluation of the 
vibrational term-differences for the high-frequency component, at least to the 
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approximation permitted by measurements of heads only. That this is not a 
close approximation in bands of this type, where the heads are formed at 
high rotational quantum numbers, has been emphasized by Harvey.! The 
best values of the vibrational differences are those listed in Table II, obtained 
from the Q,; heads, which are closest to origins. There is still some divergence 
of the values of AG,” from those obtained for the ultraviolet system, the 
first vibrational quantum, AG,,2”, being 465.5 and 464.5 cm™ from the ultra- 
violet and visible svstems, respectively. 

The diffuse appearance of the —1 R,. sequence is expected, since in this 
sequence the heads must be formed at the highest values of the rotational 
quantum number, A. This is invariably true in the case of bands degraded 
towards the red, because it is then known that the rotational constants 
By," >B,">B,’. An analogous effect occurs' in the +1 sequence of the 
"1122S CaF bands, which are shaded toward the violet. Further support for 
our identification of this sequence is obtained by taking the wave number 
difference between the R, head of the 0,0 band and the minimum of the diffuse 
patch (marked by the arrow in Fig. 1, I), which should represent fairly 
closely the origin of the 0,1 band of the high-frequency component. This 
vields 477.8 cm, a value which is expected te be slightly greater than 
AG;;2" (464.5), since the Re head is at a considerable distance from the origin. 
The doublet character of this system therefore seems well established, and 
our analysis is in entire agreement with the modifications of the vibrational 
and rotational intensity distributions in passing from emission to absorption. 
A good example of this is shown in Fig. 1, Il by the suppression of the Re, 
heads of the 0 sequence in absorption. This would be predicted because of the 
very high rotational quantum numbers at which these heads are formed. 


3. THE EXTREME RED SYSTEM 


The correct vibrational analysis of this system has been given by John- 
son,’ but he designates the components of the close double heads R and Q, and 
the electronic transition *"A—*2. It was shown in the preliminary report of 
the present work! that this system is analogous to the 72? systems of CaF 
and SrF, and should be given the same designation. The double character of 
the heads results from the splitting of the R branch into two, R; and Re, which 
is known as spin doubling.’ The resemblance of these bands, shown in Fig. 1, 
III, to the corresponding system in CaF is very striking. We also assigned the 
infrared system (discussed below) to a *JI=?Z transition, by the same anal- 
ogy. In a subsequent publication Nevin’ has apparently independently 
drawn the same conclusions. He has extended the original measurements of 
George on the extreme red system, identifying an additional sequence, v’ —v” 
= +2. Nevin’s work was exclusively with the emission spectrum. 

The ?2=?= system appears plainly on our absorption plates (Fig. 1, III), 
with but slight modification from the emission spectrum. The heads must 

‘ A. Harvey and F. A. Jenkins, Phys. Rev. 37, 1709 (1931). 


5 A. Harvey and F. A. Jenkins, Phys. Rev. 36, 1413 (1930). 
6 T. E, Nevin, Proc. Phys. Soc. 43, 554 (1931). 
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therefore be formed at much lower values of K than in the corresponding 
system in CaF and SrF, where they are almost completely suppressed in ab- 
sorption. Since the correct assignment of vibrational quantum numbers, as 
well as very complete data for this system, are contained in the article by 
Nevin, we give no measurements here, but merely quote the equations de- 
duced by Nevin for the high- and low-frequency components, respectively, of 
the double heads: 


Vv 


14,070.6 + 424.3(v’ + 3) — 1.95(0’ + 3)? — 468. 2(0" + 3) +:1.82(0” + 3), 
14, 064.4 + 424.5(0’ + 3) — 1.80(0’ + 3)? — 468. 7(0” + 3) +1.80(0" + 3)?. 


Vv 


The vibrational constants for the lower ?2 state agree satisfactorily with 


those deduced by us from the ultraviolet system: w,.” = 468.9 x."w,.” =1.79. 


4. THE INFRARED SYSTEM 


This is the resonance system of BaF, and appears very strongly in ab- 
sorption (Fig. 1, IV). The first measurements of any completeness were made 
by Querbach’ on the emission spectrum from the arc. Because of the frequent 
confusion with atomic lines, and of the faintness of some of the leading heads 
of the sequences, Querbach’s assignment of vibrational quantum numbers re- 
quired revision in several respects.‘ Also, the conclusions drawn by Querbach 
concerning the electronic transitions are partly wrong, being based entirely 
on the approximate agreement of certain vibrational constants with those 
given by Johnson for the visible systems. The assignments thus reached are 
not consistent with the magnitudes of the electronic term-differences involved, 
and hence are meaningless. 

The more probable designation of this system as *II=?~ was first given 
by the writers,‘ although overlooked in Nevin’s subsequent work.’ Nevin 
gives a complete remeasurement of the band heads, including a number which 
were not contained in the earlier work of Querbach. A new sequence, v’—v” 
=—1 of the high-frequency component, is added. Although some of the 
wrong assignments of v occurring in Querbach’s work are given correctly by 
Nevin, his analysis of the low-frequency component is incomplete, and in 
some respects erroneous. We therefore give, in Table III, the analysis shown 
to be correct by a study of the absorption spectrum. The proper assignment of 
v is very apparent on the absorption plates, since the bands are clear of im- 
purities and the beginning of each sequence is definite. The data of Table III 
are measurements of the absorption heads made with reference to neon 
standards. 

The principal differences between our arrangement and that given by 
Nevin are: (1) Lowering of the vibrational quantum numbers in the v’—v” 
=( sequence of Q,; heads by one unit. This changes the electronic separation 
in the *II state from 602.1 to 633.8 cm~'. The R; and Q, heads are closely 
superposed at the start of this sequence, but the low intensity of the first 
head shows clearly that it represents the R; head only. (2) Lowering of the 


7 J. Querbach, Zeits. f. Physik 60, 117 (1930). 
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vibrational quantum numbers in the +1 sequence of Q; heads, also by one 
unit. Nevin did not observe the earliest members of this sequence, and as- 
signed values of v to conform with the false assignment in the 0 sequence. 
(3) Addition of the —1 sequence of R.; heads, which was not observed by 
Nevin. (4) Addition of the 0 sequence of R; heads. These were probably over- 


ane III. Vibrational analysis of the infrared system. 






































| 
0 R:12,285.6 | 11,827.7 
| R: 12,264.5 | 11,800.1 
R, 11,663.2 —_ 
Q: 11,630.7 -- 434.2 
1 12,715.0 | 12,253.4 | 11,798.9 | 
12,698.3 | 12,232.9 | 11,771.7 | 
12,090.7 | 11,630.7 ~~ 
12,064.9 | 11,599.3 _ | 430.7 
2 12,678.7 | 12,220.9 | 11,769.3 | 
12,662.7 | 12,200.9 | 11,743.4 | 
12,055.0 | 11,5993] — | 
12,030.0 | 11,568.1 -— 426.7 
3 12,642.6 | 12,188.1 | 11,739.7 | 
12,626.9 | 12,168.9 | 11,714.8 | 
12,019.3 | 11,568.1 — | 
11,994.8 | 11,536.4 -- 423 2 
4 12,606.2 | 12,155.3 | 11,710.2 } 
12,591.1 | 12,136.7 | 11,686.2 | 
11,983.2 | 11,536.4 — 
| 11,959.6 | 11,504.8 - 419.5 
3 12,569.9 — 11,680.8 
12,555.3 | 12,104.5 | 11,657.7 
11,947.8 | 11,503.8 —_ 
11,924.2 — — 
6 _— — 
— 12,072.2 
12,912.1 _— 
11,889.2 — 
7 12,496.9 
| 12,483.5 
11,853.7 
8 ite, a i 
12,447.6 
ial 465.6 461.9 458.4 454.9 














looked by Nevin because of their approximate coincidence with the corres- 
ponding sequence of Q,; heads. As will be seen in Table III, we have now as- 
signed all four heads in the +1 and 0 sequences, but only those of the high- 
frequency component, namely Ro; and Re, in the —1 sequence. The R; and Q,; 
heads of this sequence lie further in the infrared, where the sensitivity of neo- 
cyanin plates is low. The predicted position of the 0,1 Q; head is vy = 11,166.3, 
8952.9. Since in this system the R: and Q, heads are closer to origins than in 
the green system, we expect better agreement in the vibrational term-differ- 
ences derived from these heads. Thus, the value of AG,;2” from the Q, heads 
is 465.6, as compared to 465.5 from the ultraviolet system, 464.5 from the 
green system, and 465.1 from the extreme red system. A revision of Nevin’s 
equations for heads to accord with the modified values of v gives, for Re and 
Q, respectively: 
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vy = 12,281.1+ 436.7(v’ + 3) — 1.82(v’ + 3)? — 468.7(0"” + 3) + 1.83(0” + 4)2, 
v = 11,647.3 + 435.5(v' + 3) — 1.68(0’ + 3)? — 467.5(0” + 3) +: 1.45(0” + 4)*. 


The agreement of the constants of the lower state with those from the other 
systems is distinctly better with the new numbering. 
DIsCUSSION 

The fact that all four of the above systems are obtained in absorption 
shows that they have a common lower electronic state, which is the normal 
*> state of the molecule. This is in harmony with the agreement of the ap- 
proximate vibrational term-differences for the lower state derived from these 
systems. Previous work on the emission spectrum alone led to the conclusion 
that some intercombinations between excited states are involved.* Such con- 
clusions have resulted from the comparison of the vibrational constants only, 
but these are necessarily inexact, since they are derived from heads. The 
present work shows definitely that no combinations between excited states 
are known in this spectrum. 

A close analogy exists between the spectra of BaF and of LaQO, since both 
molecules contain the same number of extranuclear electrons. The lanthanum 
monoxide systems have been studied by Mecke,’ Querbach,!® Jevons," and 


TaBLe IV. Electronic terms and vibration frequencies for analogous molecules. 














BaF LaO SrF YO CaF ScO 
a?y Ve 0 0 0 0 0 0 
w 469.1 818.5 500.1 857.5 587.3 _ 
ail , 11,647.3 {12,668.1 {(15,068.9 {16,324.2 {16,482.1 {16,444.7 
12,281.1 \13,532.4 \15,348.0 \16,760.8 \16,557.2 \16,562.2 
w 437.7 762.8 508.0 815.6 593.1 . 
bs v, 14,064.5  17,885.8 17,301.9 20,798.1 18,898.3 20,578.5 
Ap 6.2 8.3 22.4 3.1 6.6 1.2 
We 424.6 733.2 477.0 765.0 541.5 . 
bir | ly, 19,998.2 {(22,639.6 {26,977.8 - 29 301.5 
| 20,197.2 \22,876.6 \27,041.3 . .29,321.0 : 
| we 455.8 783.0 452.5 495.6 _ 
2V Ve 24,152.3 ~28,000 
\ 26, 222.3 
We 506.6 >818.5 





8 In reference 7, p. 120, the low-frequency component of the infrared system is assigned to 
an intercombination, 2*S—3*D2, with the designation of the levels according to reference 3. To 
be consistent with the coefficients given in the vibrational equations, however, the designation 
should be 32D — 22D, which would give a negative frequency. In his analysis of the LaO systems 
(reference 9), Mecke concluded that at least four systems involved excited states as their lower 
states. This, however, is shown to be incorrect by Johnson (reference 12), and by the analogy 
with BaF discussed below. 

® R. Mecke, Naturwiss. 17, 86 (1929). 

10 J. Querbach, Zeits. f. Physik 60, 115 (1930). 

1 W. Jevons, Proc. Phys. Soc. 41, 520 (1929). 
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Johnson." Four systems are found, which are qualitatively similar to the 
four Bak systems discussed above. The vibrational constants show an analo- 
gous variation from one electronic state to another, with the result that cor- 
responding band systems have the same direction of degradation and general 
appearance. In Table 1V we have summarized the constants of these two 
molecules, those for LaO being taken from Jevons’ work. The term symbols 


> > 


used are such that a*I]1—a*> represents the infrared BaF system, b?==a*> the 
extreme red system, b*I]—a*X the green system, and 7Y¥ a the ultraviolet 
system. We have designated the upper state of the green system 07II because 
of its obvious similarity of structure to the infrared system, and because a °I] 
state of about the observed separation is predicted by analogy with the states 
of the corresponding" atom, Cs. 

Further analogies are expected in the spectra of the isoelectronic pairs of 
molecules SrF, YO and CaF, ScO. The constants for these molecules are 
therefore also included in Table IV, as far as they are known. For SrF and 
Cak we have re-evaluated the constants from the data given by Johnson,” 
modifying the assignment of v in the green CaF system (b?2=a*Z) as indi- 
cated by Harvey.! It was necessary also to change the assignment given by 
Johnson for the SrF *=*t'=?S™ sequence. Thus we have taken the first 
head of the A;’ sequence (v 17,783.1) as being the high-frequency R head of 
the 1,0 band, and lowered the values of v in the A; sequence by one unit to 
constitute the remaining heads of this sequence. The low-frequency R heads 
then begin with vy 17,771.2. All of the values contained in Table IV were 
derived by selecting the set of band heads which is expected to be nearest to 
the band origins. 

The transition b*II[—a?> is apparently represented in CaF and SrF by the 
known systems in the ultraviolet (the A;, A, sequences of Datta). These 
must be very weak, as we have made several unsuccessful attempts to obtain 
them from the CaF arc, and Johnson* could not observe them for SrF. John- 
son has interpreted them as ?2=?2, but it seems more probable that the two 
observed heads are the R: and Q; heads of a second *J1=?= system. In deriving 
the constants for the b*II state of these molecules, Johnson’s assignment of v 
was adhered to in CaF, but in SrF his vibrational quantum numbers for the 
R:z heads (sequences Az and A,) have been raised by one unit throughout. 
Because of the fragmentary character of the data on these systems, consider- 
able uncertainty still remains in the constants for B°II given in Table IV. In 
the case of YO, the recent results of Johnson” were used, while for ScO only 
the frequencies of the 0,0 bands given by Meggers and Wheeler’ were avail- 
able. The quantity Av given in Table IV for the b?2 state of all the molecules 
represents the spin doubling of the head of the 0,0 band. This depends, of 
course, very greatly on the rotational quantum number at which the head is 
formed, and hence has little theoretical meaning. 


2 R. C. Johnson, Proc. Roy. Soc. 133A, 218 (1931). 

13. R. C. Johnson, Proc. Roy. Soc. 122A, 161 (1929). 

14S. Datta, Proc. Roy. Soc. 99A, 436 (1921). 

15 W.F. Meggers and J. A. Wheeler, Phys. Rev. 37, 106 (1931). 
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Concerning the atomic states of the separate atoms from which the ob- 
served molecular states are derived, little information can be obtained from 
the spectra. It is probable, as pointed out to us by Professor L. Pauling, that 
the lower states of these heavy molecules have ionic binding, and hence that 
the Birge-Sponer method of computing heats of dissociation is inapplicable. 
It appears significant, however, that the *X state is different from the others 
in having a very high vibration frequency, even higher than that of the nor- 
mal state. This suggests that it may possess a different type of binding, and 
that possibly it is the lowest state representing binding of the electron-pair 
type. 








MARCH 15, 1932 PHYSICAL REVIEW VOLUME 39 


THE ABSORPTION SPECTRUM OF CYANOGEN 
GAS IN THE ULTRAVIOLET 


By SHo-CHow Woo and RIcHARD M. BADGER 
GATES CHEMICAL LABORATORY, CALIFORNIA INSTITUTE OF TECHNOLOGY 


(Received December 28, 1931) 
ABSTRACT 


The absorption spectrum of cyanogen gas has been investigated in the ultraviolet 
down to 1800. In the region \A2300-1820 more than one hundred bands were found 
which apparently belong to one system with origin probably at 44900 cm7!. The bands 
have a pronounced tendency to appear as doublets. The more intense ones are usually 
broad with edges toward the violet, but many line-like structures appear which are 
probably Q branches. Some regularities in the spectrum are pointed out and the rela- 
tion of the ultraviolet spectrum to the infrared absorption and Raman spectrum is 
briefly discussed. 


INTRODUCTION 


HE work described in this paper is a part of a program of this laboratory 

for the investigation of the spectra of the simpler polyatomic molecules. 
In particular the cyanides have been chosen for study and papers by Badger 
and Binder! on the fine structure of two bands of hydrogen cyanide in the 
infrared, and by Badger and Woo? on the continuous absorption spectra of 
the halogen cyanides in the ultraviolet have already appeared. Cyanogen 
was chosen as the next subject for study since the cyanogen molecule, in its 
normal state at least, is undoubtedly linear and symmetrical, which permits 
a simple and quantitative treatment of the normal oscillations. It is further of 
particular interest to compare the cyanogen molecule with acetylene which is 
in some respects similar and has been carefully studied in infrared absorp- 
tion. 

EXPERIMENTAL PROCEDURE 


A. Middle Ultraviolet Region. The cyanogen gas used in the investigation 
was prepared by dropping a concentrated solution of potassium cyanide into 
an all glass generator containing a solution of copper sulfate. The gas gener- 
ated was dried by passing through a calcium chloride tube, and then passed 
into the absorption tube. No further purification was made since in previous 
experiments it was found that cyanogen prepared by the decomposition of 
mercuric cyanide by heating gave the same absorption spectrum. 

The absorption cell was a Pyrex tube 51.5 cm long, one end of which was 
provided with a plane quartz window, while the other end was separated 
from the hydrogen discharge tube, used as the light source, by a thin quartz 
film. All temporary connections were effected with picein, which proved to 
be least attacked by the cyanogen gas. The gas pressure used was one at- 
mosphere at room temperature. 


1 R, M. Badger and J. L. Binder, Phys. Rev. 37, 800 (1931). 
2 R. M. Badger and S. C. Woo, J. Am. Chem. Soc. 53, 2572 (1931). 
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The hydrogen discharge tube was of a type described by Bay and Steiner,’ 
but all wax joints were avoided by using a quartz window, which was very 
thin, attached by a quartz-to-Pyrex graded seal. Consequently, after the 
tube had been cleaned up by running for some time the spectrum remained 
very pure and continuous. The hydrogen pressure could be regulated by 
means of a palladium tube which was sealed to the glass. 

A Bausch and Lomb quartz spectrograph was used which gives a dis- 
persion of about 5A per mm at A2200. Eastman D-C ortho plates were used, 
and were sensitized with a light transformer oil which was found to be very 
effective. The exposures required about two hours. As a comparison spectrum 
we employed the copper spark lines. Measurements of the bands were made 
both directly on the plates with a comparator, and on enlarged prints. Any 
errors will be due principally to the difficulty in deciding exactly what part of a 
band to measure. The error in measurement we believe to be less than 0.2A. 

B. Farther Ultraviolet Region. For this region we employed a small 
vacuum fluorite spectrograph, with a dispersion of about 12A per mm at 
41900. The absorption cell, about 30 cm in length, had at one end no window 
but was sealed with picein to the spectrograph chamber and communicated 
with it through the slit opening. At the other end it shared a very thin quartz 
film window in common with the hydrogen discharge tube used as source. 
The total absorption path was about 75 cm. 

The cyanogen gas was prepared as described above, but was condensed 
in a liquid air trap and then evaporated into the spectrograph and absorption 
cell, which had previously been thoroughly evacuated, until a pressure of 
about 10 mm was attained. 

Eastman 40 plates, sensitized with oil, were used, and the exposures 
usually required two to three hours. As calibration spectrum, the zinc and 
aluminum spark lines were used. They covered the region \A2100-1850 fairly 
well. 

As before, measurements were made both on the plates and on greatly 
enlarged prints. The accuracy of measurement was not so great as in the 
middle ultraviolet region, but in the case of sharp bands the error may not 
be greater than 0.4A. 


EXPERIMENTAL RESULTS 


Tables I and II give the wave-lengths and wave numbers of the absorp- 
tion bands of cyanogen gas in the middle and farther ultraviolet, respectively. 

The bands vary considerably in appearance and it is rather uncertain 
how best to describe some of them until a complete analysis is made of the 
spectrum. Where a sharp edge appeared this was measured, but in the case 
of diffuse bands and of the narrow line-like structures the center was measured. 
The symbols, explained at the foot of the table, indicate in each case the 
nature of the absorption and what was measured. The general appearance 
of the spectrum is probably best suggested by the diagram in Fig. 1, in which 
the types of bands are indicated as far as possible. 


3 Z. Bay and W. Steiner, Zeits. f. Physik 59, 48 (1929). 
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The majority of the strong bands are rather broad, with edges towa 
violet, but a number of line-like structures are observed, which are prok 
Q branches. In some cases P and R branches seem to be definitely ab 


TABLE I. The cyanogen bands in the middle ultraviolet (quarts spectrograph). 








M d (A) vy (em7) I D | M \(A) vy (em7) I 
(in air) | (in air) 

VE 2252.1 44389) 0 VE 2187.3 45704) 00 

CL 2251.8 44395 | VE 2186.9 45713 

CL 2250.6 14419 0 VE 2185.7 45738 

7. 2250.3 $4425 VE 2185.3 45746 0) 

RD 2242.6 44577 CL 2184.4 45765 

CL 2240.0 44629 CL 2183.3 45788 0 

VE 2239.0 ‘44649 | VE 2182.6 45803 

VE 2238.3 44663 VE 182.0 45815! 1+ 

VE 2237.7 44675 3 CL 2180.5 45847 

VE 2231.2? 44805 CL 2179.9 45859 0) 

VE 2230.4 44821 VE 2179.2 45874 

CL 2228.4 44861 CL 2178.6 45887 1 

CL 2227.6 {44877 | CD 2177.1 45918) 

CL 2227.1 44887 | CD 2176.5 45931 24 

VE 2226.7 (44896 | CL 2173.5 45994 

VE 2226.4 (44902 ; * CL 2173.0 46005 | 00 

CL 2225.6 44918 00 | CL 2167.1 46130 

CD 2223.5 44960 00 | CL 2166.6 146141 

CD 2219.8 45035 0 CD 2165.5 , 46164 

CD 2217.5 45082 0 | CL\ 2164.8 146179 

CD 2215.0 45133(d) 0 | VES 2164.5 46186 4— 

VE 2213.0 45173) | VE 2163.3 46211 00 

CL) 2212.5 45184} | CD 2161.3 46254 00 

VEf 2212.3 45188 1 CD 2159.2 46299) 

VE 2209.1 (45253 VE 2158.9? 46305 / 0 

VE 2208.5 45265 VE 2157.9 (46327 

VE 2207.2 45292 CL\ = 2157.5 446335 0 

VE 2205.7 45322 VEf 2157.3 146340 

CL 2205.2 (45333 CD 2155.5 46378 00 

CL 2204.4 445350 CD 2154.1 46409 00 

CD 2203.7 (45364 CD 2152.4 46445 00 

CL 2203.1? 45376 CD 2150.7 46482 00 

CL 2202.4 45391 | VE 2145.6 46592 4 A” 

CL 2200.62 |45428 | VE 2137.7 46764 4 

CL 2200.3 45434 CD 2135.5 46813 1 

VE 2200.0 45440 5 VE 2125.0 47044(d) 7 B’ 

CL 2197.2 (45498 CD 2124.0 47066 0 

CL 2196.7 145509 CD 2120.9 47135 0 

CL 2195.4 + 45536 CD 2118.9 47179 0 

CL 2194.8 45548 

VE 2188.2 45685 9 A 


EXPLANATION. Columns M indicate the part of a band measured, whether a violet or red 
edge (VE or RE), the apparent red or violet limit of a diffuse structure (RD or VD), the center 
of a diffuse band (CD), or the center of a narrow line-like structure, probably a Q branch (CL). 
When two parts of the same structure were measured this is indicated by brackets in these 
columns. 

In the frequency columns brackets on the left indicate edges or maxima which apparently 
belong to one broad structure. Brackets on the right indicate a doublet structure, and (d) a 
probable doublet structure (incompletely resolved). 

The columns J and D give estimated relative intensities, and designations for a few of the 
bands. 





in others they may be relatively very weak. A pronounced tendency toward 
doubling will be noticed. In a band progression the doublet separation in- 
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cre. Ses toward the high frequency side. Some of the diffuse bands show in- 
dications of being partially resolved doublets. In some cases a number of 
lin¢s or edges are observed within a broad band. We believe that these are 


TABLE II. The cyanogen bands in the farther ultraviolet (fluorite spectrograph). 











Bf (A) v(cm~) I D | M A(A) v(cm~) I D 








(vacuum) | (vacuum) 

] 2110.6 47380 0 CD 1969.0 50787 2 
cl 2109.4 47407) CD 1963.5? 50930 2 
Ci 2108.1 47436, 7 CD 1959 .6? 51031 1 
ae 2106.6 47470) CD 1958.4? 451062 
cs. 2105.0 47506! 1 | CD 1953.5 < 51190) 

RD 2098 .4 47655 | 1952.3 51222 5 D’ 
CI 2097.9 47667 | CD 1949.5 51295 2 
CI 2096.3 147703 | ee. 1944.0 51440 4 
Cl 2095.0 147733) cz. 1940.4 51536 2 
VE 2094.4 47746} ce 1937.6 51610) 
Lor VE 2093.8 47760! 10 B &# 1936.3 51645 3 
VE 2090 .4 47838 4 CD 1931.9 51763) 
VD 2088.2? 47888 2 CD 1929.8 51819, 10 D 
VD 2086.4 47929 4 CD 1926.5 51908 7 
CL 2079.4 48091 2 RE? = 1922.6 52013 
VE 2075.6 48179) CD 1918.5 (52124 9 
VE 2074.5 48204 / 4 VE 1916.3 52184 
CD 2069 .3 48326 4 VE 1915.4 52208 3 
CD 2065.0 48426 2 CD 1911.7 52310 1 
CL 2058.4 48581 CD 1909.9 52359 1 
« # 2057.6 48600 VE 1900.0(d) 52632 9 
CL 2056.8 48619) CL 1897.5 52701 
CL 2055.3 48655 7 B’ CD 1894.7 452779) 
CD 2051.2 48752 VE 1893.1 52823 9 Dp” 
cD 2049.3 48797 CD 1885.0 53050 
VE 2036.0 49116) | VE 1884.6 53062 3 
CL or VE 2035.2 49135 7 c | CL 1883.2 53101 1 
CD 2023.3 49424 3 CD 1880.6 53175 0 
CL 2021.4 49471 6 CD 1878.3 53240) 2 
VE 2018.3 49547 4 CD 1875.9 53308 2 E’ 
CD 2015.0 49628 & F 1871.1 53427 | 
CD 2012.7 149685 cz. 1867.3 53556 1 
cD 2011.1 \49724 | CD 1861.8 53712 
CD 2009 . 4 49766) | 1859.6 53775 5 | 
CD 2007 .7 49808 ( 10 C | CL 1857.2 53845 0 
CD 2003.4 49915) | CL 1855.0 53908 1 
CD 2000.7 49983 8 | 1850.3 54045 3 
CD 1999 .3 ‘50018 3 VE 1846.7 54151) 
Ci, 1997.5 50063 3 VE 1844.1 54227/ 6 
of 1995.4 {50115 3 & 9 1834.2 54520 
ex. 1993.8 150156) VE 1827.9 54708 8 
VE 1990.8 50231 8 cD) 1826.5 54750 
cy. 1987.0? 50327 0 VE 1825.8 454771 4 
es i 1985.9? 50355 0 VE 1823.7 (54834 8 
VE 1980.3 50497 (d) 9 | cD 1820.8 54921 3 
VE 1978.9? 50533 0 
CD 1975.9 50610 0 
RE 1975.1 ‘50630 
ch 1972.7 / 50692 
VE 1971.2 50731 10 Beg 


due to a vibrational rather than to a rotational structure in the ordinary 
sense of the word, since the large moment of inertia of the cyanogen molecule 
makes it improbable that a rotational structure would be resolved with the 
limited dispersion available. 
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DISCUSSION OF THE SPECTRUM 


The modes of oscillation of the linear symmetrical molecule of the acety- 
lene-cyanogen type have been discussed by Mecke,* but his expression for 
the deformation frequencies does not seem to be quite right, as has been 
pointed out by Olson and Kramers.’ Unfortunately cyanogen has not been 
investigated in the infrared with modern technique, but the old measure- 
ments of Burmeister,® and the Raman measurements on liquid cyanogen’ 
make it fairly certain that the three longitudinal or valence vibrations have 
approximately the frequencies 2150 (the active vibration) and 2336 and 860 
(the inactive vibrations). It is not expected that these frequencies should 
appear as differences in the ultraviolet absorption of the gas at room tem- 
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Fig. 1. The ultraviolet absorption bands of cyanogen. 
perature. The small deformation frequencies which may appear are more | 
difficult to determine from the existing data. The frequency 512 observed 


as a Raman shift may be due to the inactive deformation oscillation, and we 
believe that a weak absorption observed by Rubens’ at 52yu indicates that the 
fundamental band of the active deformation oscillation is not far from this 
region. It will be noticed that on the red side of a number of bands in the 
ultraviolet absorption very much weaker bands appear with a frequency , 
difference of about 230. We believe that these latter may be due to absorption 
of molecules in the first excited state with respect to the deformation oscilla- 
tion. 





*R. Mecke, Zeits. f. Physik 64, 173 (1930). 
5 A. R. Olson and H. A. Kramers, J. Am. Chem. Soc. 54, 136 (1932). 

® W. Burmeister, Verh. d. D. Phys. Ges. 15, 589 (1913). 

7 A. Petrikaln and J. Hochberg, Zeits. f. Phys. Chem. (B) 4, 299 (1929). 
8 H. Rubens and H. von Wartenburg, Phys. Zeits. 12, 1080 (1911). 
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The ultraviolet spectrum of cyanogen is on the whole extremely complex 
and will require some time for a complete analysis. However, we wish to 
point out some of the more striking regularities. In particular one notices 
progressions of doublet bands separated by about 2100 wave number units. 
Now in room temperature absorption one may expect to find only one strong 
progression with a given set of frequency differences, though much weaker 
progressions may be observed displaced to the red, corresponding to absorp- 
tion from the low lying deformation oscillational levels. However, one may 
expect to find progressions which are rather similar. If the band system may 
be very approximately represented by the expression: 


V = Velect + 01'w1' + V2'we’ + ¥3'w3’ + -- - 


we shall find similar progressions in any one of which one of the vibrational 
quantum numbers, say 7, takes the values 0, 1, 2, etc., while the other quan- 
tum numbers 7, 73, etc., remain constant, but change from one progression 
to another. The frequency differences will not be quite the same for any two 
such sets of bands, due to the coupling between different kinds of vibration. 

In Table III we have given some similar progressions of this sort. It will 
be noted that the frequency differences are nearly equal to those for the high 
frequency oscillations in the normal state of the molecule, indicating the 
persistence of a strong binding in the excited state. The moderate conver- 
gence observed shows a rather large dissociation energy for the excited mole- 
cule, which evidently must split up into highly activated products, possibly 
two excited cyanide radicals. 


TABLE III. Some progressions of doublet bands in the cyanogen spectrum. 

















v(cm7) 6» = Av v(cm) é6y Ap v(cm™!) dv Av 
| (Doubtful) 
A 45685(d) ) | A’ 44902 | A” 46592) 
» 2075 21420 » 2063 
B 47733) 504 B’ 47044(d) < | BY” 48619) 364 
47760, ~! | (2033) 48655 /°° | (2073) 
> 2048 + 2091 > 2076 
C 49766) 455 C’ 49116) 9: C” $0692) 404 
49808 /*- | (1997) 49135/*” | (2074) 50731)” | (2087) 
+ 2011 > 2087 + 2092 
D 51763) <¢3 D’ 51190) .,: D" 52779\ 44) 
51819/°° | (1949) 51222/°* | (2050) 52823, 
, 1956 » 2086 
63 
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By Davin M. DENNISON AND J. D. HArRpy* 
UNIVERSITY OF MICHIGAN 


(Received February 1, 1932) 


ABSTRACT 


The form of the ammonia molecule is discussed together with the theory that all 
of the vibrational levels of the molecule should be double due to the two equivalent 
positions of equilibrium of the nitrogen atom. This theory serves to explain the doub- 
ling of the | band at 10.54 and further predicts that the lines of the 3.0u band should 
also appear as doublets although with a much finer separation. An experimental search 
is made for the doubling of the 3.0u band using an infrared spectrometer of high resolv- 
ing power. The effect is found, each fine structure line appearing as a doublet with a 
mean separation of about 1.6 cm~. The theoretical intensities of the || type ammonia 
bands are computed assuming that the hydrogen nucleus possesses a spin of 3(//27). 
When these values are compared with the observed lines of the 3.0u and the 10.54 
bands, a very satisfactory agreement is obtained. This agreement furnishes a strong 
argument for the theory of the doubling of the ammonia bands. It further proves that 
those states of ammonia existing in nature have vibration—rotation—nuclear spin 
wave functions which are antisymmetrical for an interchange of two of the hydrogen 
atoms. 


INTRODUCTION 


HE infrared spectrum of ammonia, NH3, appears to prove rather con- 

clusively that the molecule has the form of a regular pyramid where the 
three hydrogen nuclei lie at the corners of an equilateral triangle with the 
nitrogen nucleus lying on an axis perpendicular to the plane of the hydrogens 
and passing through their center of gravity. The regularity of the fine struc- 
ture lines of the absorption bands at 3.0u and 10.5u as well as the uniform 
spacing of the far infrared lines, guarantees that the molecule is of the sym- 
metrical top variety where two moments of inertia are equal A = B, with the 
third moment of inertia, C, different. It is moreover clear that the atoms can 
not all be coplanar since then the system would possess a zero permanent 
electric moment, contrary to the observed datum! up =1.5 107}: 

These conclusions as to the form of the molecule are further strengthened 
by the fact that all the near infrared absorption bands of ammonia may be 
correlated with the aid of four fundamental frequencies, not six as would be ' 
the case if the molecule were unsymmetrical. 

Symmetrical molecules of the YX; type which are not coplanar exhibit a 
feature which at first appears to be rather unusual, namely, that all the vibra- 
tional levels are double. This phenomenon depends upon the fact that there 
are two exactly equivalent positions of equilibrium for the Y atom, one, say, 
above the plane of the X atoms and the other at an equal distance below. 














* National Research Fellow. 
1 For a summary of the experimental work, see P. Debye, Polar Molecules (1929) page 40. 
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Such a circumstance would on the basis of classical mechanics not influence 
the vibrational levels but a quantum mechanical treatment reveals that it 
causes the vibrational levels to become double.? The magnitude of the doublet 
separation is in general small compared with the spacing between the vibra- 
tional levels themselves and need not be the same for all vibrational levels. 
It is proposed to discuss in more detail the amount of the doublet spacing 
elsewhere. For the purposes of this paper it is only necessary to state that it 
becomes observable spectroscopically (i.e., dv is at least as large as 0.1 cm~*), 
only when the Y atom lies quite close to the plane of the X atoms. 

The 10.54 band of ammonia has been resolved into its fine structure lines 
by E. F. Barker*® and consists of two similar and complete bands separated 
by an interval of about 33 cm~. It has been suggested that the doubling of 
this band is the result of the doubling of the vibrational levels which has 
just been described. We have attempted in the present paper to strengthen 
this explanation in two ways: first, by showing experimentally that the fun- 
damental band at 3.0u also possesses a double structure but with a much 
smaller doublet separation, and second, by computing the intensities of the 
fine structure lines of both the 10.54 and 3.0u bands and showing that these 
agree with the experimental data. This last computation will further allow 
us to determine the symmetry character of that part of the wave function 
which is independent of the coordinates and spins of the electrons. 

Of the four fundamental frequencies of a symmetrical molecule YX3, two, 
vy, and v3, correspond to vibrations for which the change of the electric mo- 
ment lies along the symmetry axis. The fine structure of these bands, which 
are often called | type bands, is very much simpler than the fine structure 
of the L type bands and consists of a strong zero branch on either side of 
which lies a set of lines uniformly spaced in frequency. These latter lines con- 
stitute the positive and negative branches of the band. 

The fine structure of the absorption band of ammonia at 10.5u proves 
that this band is of the || type while its great intensity shows that it must be 
a fundamental and we may identify it with the frequency v;. The band at 
3.0u has been resolved by Stinchcomb and Barker‘ who find that it also cor- 
responds to a || vibration. This in itself might not with certainty serve to 
identify it as the second | frequency 1, since the intensity is not so great that 
it excludes the possibility that the band might be a strong harmonic or over- 
tone frequency. However, in the Raman spectrum of gaseous ammonia,® the 
strongest frequency to be observed just corresponds to the 3.0u band. This 
virtually proves that the band in question is a fundamental band and since 
its fine structure is of the || type we may conclude that it is the fundamental 
frequency 7. 

We have represented the energy level diagram of certain of the lowest 


2 The qualitative theory which was proposed by F. Hund, Zeits. f. Physik 43, 805 (1927) is 
described by D. M. Dennison, Rev. Mod. Phy. 3, 280 (1931). 

3 E. F. Barker, Phys. Rev. 33, 684 (1929). 
4G. A. Stinchcomb and E. F. Barker, Phys. Rev. 33, 305, (1929). 
5 R. G, Dickinson, R. T. Dillon and F. Rasetti, Phys. Rev. 34, 582 (1929). 
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vibrational states of ammonia in Fig. 1, which for convenience is not drawn 
to scale. The two lowest levels form the ground state of the vibrational spec- 
trum and are separated by an interval which we call dvo. The next two levels 
form the first excited state of the vibration v; and lie about 950 cm~! above 
the ground state. The separation is here (6v;3);. All levels are further given the 
designation a or 8 where the states a have wave functions of which the part 
depending upon the vibrational coordinates alone is symmetrical for an in- 
terchange of any two of the hydrogen nuclei. The states 8 are antisymmetri- 
cal for this interchange. Now it may easily be shown’ that all | type infrared 
bands correspond to a transition from ana state to a 8 state or from a 8 state 
to ana state. The transitions giving rise to the fundamental frequency v; are 
drawn in Fig. 1, and show that this band will appear as two similar and 
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nearly superimposed bands. The doublet spacing which has been measured 
by Barker represents the sum of do and (6v3),; thus 


bvo “+ (dv3)1 = 33cm. 


Exactly the same argument may be repeated for the fundamental band 
v;. It should consist of two bands with a doublet spacing 6v9+ (6y;);. It is this 
quantity the experimental measurement of which will be described in the 
next section. It is found that 6v9+(6»,):=1.6 cm~!. Reasons may be given 
which make it appear very plausible why the doublet spacing should be so 
much smaller for the band »; than for the band 73. 

Qualitatively the magnitude of the splitting of the levels depends upon 
the ratio of the amplitude of the nitrogen atom (relative to the plane of the 
hydrogens) to the normal distance of the nitrogen atom from this plane. Now 
the fact that the splitting is sufficiently large to be observed spectroscopically 
means that the altitude of the regular pyramid in the normal state must be 
small and this allows us to infer the properties of the motion. In the vibra- 
tion v3, the relative motion of the hydrogen nuclei in their plane is small and 
the motion consists principally of a vibration of the nitrogen atom relative 
to this plane. Thus we should expect that (6v;);>dvo. It may be remarked 
that we should similarly expect (6v3)2> (6v3); and thus if a first harmonic, 273, 


° ° ° +o ? . , 

6 The intensity of a | type band depends upon such matrix elements as Jraxdivrdx. Now 
x is an odd function, the y of an a state is an even function while the y of a 8 state is an odd 
function of x. The matrix element vanishes unless the integrand as a whole is an even function 
of x and thus we can only have transitions from states a—£ or Ba. 
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should ever be observed it would consist of two bands so widely separated 
that they would probably not be recognized as a doublet band at all. 

In the limiting case of a flat pyramid, the vibration », consists principally 
of a motion of the hydrogen nuclei in their plane. The amplitude of the nitro- 
gen nucleus relative to this plane would in general be small and we could infer 
from this that (6»;); would be of the same order of magnitude as dr. 

These considerations are greatly strengthened by measurements of Dick- 
inson, Dillon and Rasetti of the fine structure of the Raman band correspond- 
ing to »;. The arguments which showed that the || type infrared bands must 
be correlated with transitions from levels a—8 or B—a also show that for a || 
type Raman band the transitions must be from a—a or from B-—£. These 
transitions for the frequency » are shown in Fig. 1 with dotted lines. Accord- 
ingly, the fine structure lines as observed in the Raman spectrum should also 
be doublets but with the spacing constant (6»,),—6vo. The measurements of 
Dickinson, Dillon and Rasetti show these lines to be single within the limit 
of observation which is probably at least as good as 1 cm~. Thus from these 
experimental data as well as from our theoretical conclusions (which are only 
presented here in qualitative form) we find (67;); =6vo. 

Before leaving this section we would like to remark that the far infrared 
rotation lines of ammonia which have been observed by Badger and Cart- 
wright,’ may be regarded as forming part of a | type vibration. It can easily 
be shown that they correspond to transitions between the two levels forming 
the ground state of the vibrational energy diagram. Therefore these pure ro- 
tation lines should also be double with a doublet spacing 26v9 =1.6 cm. No 
trace of a doubling can be noted in the experimental curves obtained by Bad- 
ger and Cartwright but the dispersion of their spectrometer was certainly not 
sufficient to separate lines as close together as 1.6 cm™!. 

EXPERIMENTAL PROCEDURE AND RESULTS 

The spectrometer which was used in this experiment has been previously 
described’ and for the region of 3u a 7200 line echelette grating (ruled at the 
University of Michigan by Professor E. F. Barker) was used. The grating was 
so ruled as to give a very strong intensity at the 3u region, thus permitting 
the use of very narrow slits. The grating spectrometer was preceded by a small 
prism spectrometer, the latter being used to separate the second order of 1.5y, 
which is exceedingly strong, from the first order of 3u. The separation was 
considered complete enough for this experiment when the prism was so ad- 
justed that the deflections in the first order of 1.54 were one fourth the total 
deflection obtained when the grating was turned to 3y. 

The thermocouple, which is of the Pfund design, was connected to a Leeds 
and Northrup galvanometer, the deflections of which were amplified by 
means of a Pfund thermoelectric amplifier. Usually an amplification of about 
six hundred could be used and the deflections determined to an accuracy of 
about one percent. The width of the slits was varied between 0.05 and 0.15 


7R. M. Badger and C. H. Cartwright, Phys. Rev. 33, 692 (1929). 
8 J. D. Hardy, Phys. Rev. 38, 2162, (1931). 
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mm depending upon the kind of work that was being done, but in the final 
runs both slits were set at 0.07 mm. Under these conditions deflections of 40 
cm were obtained with the absorption cell out of the path and 25 cm with the 
cell in the path. The steadiness of the instrument was such that readings 
could be made in the daytime as well as at night. 

When the slits were 0.15 mm in width they included a wave-length range 
of ten angstroms or about one frequency unit. For more careful examination 
of the rotation lines the slits were adjusted to include a little less than one 
half of one frequency unit. 

The cell which was used was six centimeters in length and supplied with 
KBr windows. The ammonia was introduced from a tank through a liquid 
air trap, and the pressure of the ammonia in the cell was made to be approxi- 
mately that of the atmosphere. The readings were made alternately through 
the cell and through the air in order to correct for water vapor absorption. No 
correction was applied for the absorption of the windows and the resulting 
curves cannot therefore be given in percent absorption. The heights of the 
lines give some measure of their relative intensities although not an accurate 
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Fig. 2. 34 ammonia band surveyed with 0.15 mm slits. 


Fig. 2 shows a general survey of the 3.0u band as made with 0.15 mm slits. 
There is shown the complexity of the background and an indication of the 
doubling of the rotation lines. The existence of this background can very prob- 
ably be explained as the first harmonic of the strong ammonia band at 6.0u. 
Although it is strong enough to apparently mask the simple structure of the 
| type band 1, it did not cause any very serious difficulty since after the lines 
belonging to »; were once located they could be carefully studied individually 
without mapping the intervening background. 

In Fig. 3a is shown the results obtained with narrowed slits. The regions 
between the rotation lines were not examined carefully and are therefore 
omitted from this diagram. 

The wave-length accuracy is about one in ten thousand or three angstroms. 
The calibration of the grating was repeatedly checked and the position of the 
central image determined with each set of readings. The calibration and the 
position of the central image were found to remain very constant. 

The observed positions of the lines in frequency units as well as the fre- 
quency intervals between lines are given in Table I. The lines are grouped in 
pairs by means of a bracket and the upper figure relates to a line of the B—a 
band while the lower relates to a line of the a—8 band. 

The doublet separation (67;):+6y9 varies from 1.4 cm™ to 2.1 cm™ and 
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has an average value of 1.6 cm~. It does not appear probable that the ac- 
curacy with which we have determined this constant can be greater than 10 
to 20 percent. We feel that the considerable variation observed is very pos- 
sibly due to the presence of the strong and irregularly spaced lines of the 
background. The average interval between lines of the B—a band is 19.64 


TABLE I. 
Line No. Positive (v;)1 +4r Ap Negative (5v;), +6r¢ Ap 
branch branch 
0 3336.8 cm" 3336.8 ema 
1 3356.6 . 
3316.8 18.2 
19.7 
3376.3) al 3207-4 
» 3376.3) » 3297.1] Z 
: 3378.0 1.7 3298 .6 1.5 
19.8 20.4 
19.6 20.4 
3396.1 : 3276.7) . 
3 3397.6 1.5 3278.2 1.5 
19.1 20.3 
19.2 19.9 
3415.2 3256. , 
) 
4 3416.8) 1.6 3258.3 1 
19.1 20.3 
19.2 20.6 
- 3434.3 o 3236.1 
’ 3436.0 1.7 3237.7 1.6 
(19.0 20.0 
118.8 20.2 
3453.3) , 3216.1 
| 
6 3454.8 1.5 3217.5 1.4 
(19.1 
{19.0 
" 3472.4) 
’ 3473.8) 1.4 
(19.2 
\19.9 
3491.6) . 
8 3493.7 2.1 


| 
| 


cm~! while the interval for the a—8 band is 19.46 cm~. These data lead to 
values for the moment of inertia A of 2.81 and 2.84X10-*° respectively in 
good agreement with the vaiues of A as determined from Barker's measure- 
ments on the 10.54 band,’ namely, 2.79 and 2.82 X 10-4". The observations of 
the Raman band corresponding to the 3.0u vibration yield A =2.79X10-*° 
while the far infrared pure rotation lines give A =2.78X10-*". It will be 
noticed from Table I that while the average value of the line interval is satis- 
factory, there is a considerable variation in the individual values which ap- 
pears to be much higher than can be accounted for as experimental error in 
the spectrometer itself although it might be due to the presence of the strong 
background lines. 


* A slight rearrangement of the ordinal numbers given by Barker has been suggested by 
R. M. Badger, Phys. Rev. 35, 1038 (1930). This identification is the one we follow here and 
leads to more probable values for A as well as fitting our intensity curves better. 
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Tne INTENSITIES OF THE || TyPE LiNEs 


The theoretical intensities of the fine structure lines of || type vibration 
bands may be computed when the moments of inertia of the molecule, A and 
C, are known. We shall take as an average value A = 2.80 X10-*°. In addition 
to this datum we require the constant 8 = (A/C—1). The fact that the doub- 
ling of the | type bands is observable spectroscopically insures that the mole- 
cule is very flat, that is 8 =—0.5. It cannot however be exactly —0.5. From 
estimates based on a quantitative discussion of the doubling which will be 
published elsewhere we are lead to the value 6 = —0.412 and this will be used 
here in determining the intensities. Fortunately, it appears that the line in- 
tensities are relatively insensitive to small variations in 8 when it is in this 
neighborhood. 

The intensity formulae have been given explicitly by Dennison’ and 
need only be modified by introducing weights appropriate for the ammonia 
molecule. We shall take the spin of the hydrogen nucleus equal to }(4/27) 
and assume that those states which occur in nature have wave functions (the 
vibration—rotation—nuclear spin part) which are antisymmetrical for an in- 
terchange of any two of the hydrogens. 

The weights of the states (see Table V, reference 2) may then be expressed 
in terms of the rotational quantum numbers J and K where the two cases of 
vibrational symmetry a@ or 8 occur. 


VIBRATIONAL SYMMETRY 


a B 
_ 7 20741) for K =0 and J even. 
g= 2(2J+1) 0 for K=0 and J odd. 
g= (2J+1) (2J+1) for K ~0 and not a multiple of 3. 
g= 2(2J+1) 2(27+1) for K #0 and a multiple of 3. 


As an example the intensity of the lines of the negative branch of the 
a—6 band are given by, 


J-1 
Pale =A dD ([xlV? _ K2) /J)e79 I*+9)—26R* 
K=0 


where A is a proportionality constant and o =h?/8r°AkT. The symbol [x] is 
0 for K =0 and J even, 2 for K =0 and J odd, 1 for K¥0 and not a multiple 
of 3 and 2 for K #0 and a multiple of 3. The intensities of the positive branch 
of this band as well as those of the 8a band may be expressed by means of 
similar formulae. Their values have been computed (using the values of A 
and 6 given above) and are arranged in Table II according to the ordinal num- 
ber of the line. 

In Fig. 3b we have plotted these theoretical intensities in order that they 
may be compared directly with the experimental curve. The agreement ap- 
pears to be very good; certainly as close as could be expected when the ap- 
proximate character of the experimental intensities is taken into account. 


1° See reference 2, page 315. 
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ABSORPTION BANDS OF AMMONIA 




















TABLE II, 
a—p Band B—a Band 

m + - + _ 

1 0.00 1.79 2.00 0.00 
2 4.96 1.15 1.37 4.14 
3 3.38 5.89 7.87 2.53 
4 10.79 4.28 6.30 7.32 
5 7.45 6.94 11.24 4.59 
6 9.89 3.95 7.07 5.53 
7 6.30 4.14 8.13 3.20 
8 5.59 2.10 4.52 2.58 
y 2.92 1.45 3.48 1.22 
10 2.04 0.68 i. 0.78 
11 1.04 0.36 1.05 0.36 
12 0.49 0.14 0.45 0.15 








Before discussing the significance of this result we might point out that 
our computation is valid for any of the || type bands of ammonia and hence 
these theoretical intensities may be compared with the intensities of the lines 
of the 10.54 band as observed by Barker. The only difference between the 
3.0u band and the 10.5u band is that in the former the doublet separation is 
small compared with the distance between successive rotation lines whereas 
in the latter case the doublet separation is somewhat greater than the line 
interval. A comparison between the experimental and theoretical intensities 
is made in Figs. 4a and 4b and again the agreement is on the whole very 
good." 

We regard the fact that the line intensities in these two ammonia bands 
can be so satisfactorily accounted for as being one of considerable importance. 
In the first place, the peculiar intensity distribution (an alternating intensity 
which gradually becomes uniform for the higher band lines) depends inti- 
mately upon our interpretation of the origin of the doubling of these bands, 
namely, a—8 transitions and B—a transitions. Since the observed lines show 
just this same unusual intensity distribution we believe that this constitutes 
a strong argument for the validity of the underlying theory. 

The second point is that we have shown that the states of the ammonia 
molecule which exist in nature are those for which that part of the wave 
function which is independent of the electronic coordinates and spins, is 
totally antisymmetrical for an interchange of the hydrogen nuclei. 

If this were not the case we should have found a strong line appearing in 
the experimental curve where a weak one was predicted and vice versa. 


4 In Fig. 4b the lines of the a—8 band are marked with a *. The heights of the lines of Fig. 
4b represent theoretical intensities while the lines of Fig. 4a are given in percent absorption. 
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LINE REFLECTION SPECTRA OF SOLIDS 
By FRANK H. SPEppING! AND RICHARD S, BEAR? 
DEPARTMENT OF CHEMISTRY, UNIVERSITY OF CALIFORNIA, BERKELEY 
(Received January 15, 1932) 
ABSTRAC1 


A new interpretation of reflection spectra in solids, particularly SmCl;-6H,O, is 
offered. The appearance of new absorption lines and the strengthening of others in the 
spectrum of a conglomerate as compared with that of a single crystal is explained as 
being caused by an increased path length travelled by the light through the crystal 
rather than by surface atoms as heretofore considered. This increased path results 
from the high refractive index for the light of wave-length of the absorption lines, 
which makes it difficult for such a ray, once it has entered a small crystal fragment, 
to leave. A new phenomenon of reversal of lines from absorption in a single crystal to 
emission in a conglomerate is described for a multiplet of the GdCl;-6H.O spectrum. 


HOUGH the absorption and reflection spectra of the rare earth solids 

have been studied by many investigators, except for a brief letter by one 
of us in collaboration with Dr. Freed,’ no one to our knowledge has compared 
both types of spectrum from the same compound. In the letter mentioned 
it was stated that the reflection spectrum of SmCl;-6H20, which was photo- 
graphed by reflecting light from the surface of a conglomerate of small 
crystals, contained many more lines, particularly at low temperatures, than 
the absorption spectrum of the same salt obtained from light that had passed 
directly through a single crystal. It was also recorded that the lines arising 
from the electronic isomer which is stable at low temperatures are relatively 
more intense at room temperatures in the reflection spectrum than in the 
absorption spectrum. New photographs under high dispersion have confirmed 
these results, but additional experiments make it possible to offer an ex- 
planation with greater certainty. 

The appearance of the new lines and the abnormal intensities of the others 
in the conglomerate appeared at the time of the preliminary note to be 
attributable to the different force fields present about the surface atoms of the 
crystal. These surface atoms would be of greater importance in a conglomerate 
because of the increased surface. This paper is a continuation of the above 
work and attempts to explain the anomalies of reflection spectra from a 
slightly different standpoint. In addition a peculiarity observed with GdCl; 
-6H.0 is described. 


Part I. SmCl,; . 6H.O 
Large single crystals of the chloride were grown, some being as large as 
two centimeters to an edge and eight millimeters in thickness. Photographs 


1 National Research Fellow, University of California. 
2 Du Pont Fellow in Chemistry, University of California. 
5 Freed and Spedding, Phys. Rev. 35, 212 (1929). 
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of the absorption of these were obtained by the use of a three meter grating 
with a dispersion of about 5.6A per mm. Since the crystals are hygroscopic it 
Was necessary to protect them at room temperatures by a glass cell, but at 
lower temperatures, those of liquid nitrogen and hydrogen, they could be 
immersed directly in the cooling liquid. The crystals were observed by means 
of windows in the Dewar. 

The following experiments were performed and the results were as listed: 





Fig. 1. Showing method used in shielding rare earth chloride crystal to eliminate 


all but direct reflections from a single crvstal face. 


1. A beam of parallel light was reflected from the surface of the crystal 
and the reflection observed by means of the grating at an angle equal to that 
of incidence. Only the continuous spectrum of the source was obtained, 
though various angles of incidence were tried. 

2. A variation of the above with the angle of observed reflection not equal 
to the angle of incidence, i.e., scattered reflection, was tried. Though at first 
a faint spectrum was obtained, upon more careful shielding (see Fig. 1) the 
continuous spectrum of the source was again observed. 
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3. Light passed through or scattered from a conglomerate gave an ab- 
sorption spectrum very rich in lines. 

4. Photographs of light emerging from a very thick single crystal con- 
tained very faintly some of the lines that had previously been observed only 
with the conglomerates. 

5. A large crystal was cut up into sections which were suitable for the 
passage of light through them in the three (monoclinic) axial directions. 
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Photographs of the spectra so obtained showed the same lines, though in- 
tensities varied, probably because of polarization effects. Especially note- 
worthy is the appearance of several new lines for the new path direction 
which had not been seen before in the pictures obtained with light that had 
traversed only the direction perpendicular to the large flat faces but had 
appeared in the reflection spectrum. This polarization explanation, however, 
can apply to only a few of the lines peculiar to the reflection spectrum. 

The positions of the lines of the reflection spectrum seem to indicate slight 
shifts to the red as compared to the ordinary single-crystal spectrum, but 
this is not absolutely certain since the shifts are of the order of magnitude of 
our error in measurement. However, the positions of the sharpest lines 
measured on several plates taken at hydrogen temperatures of a single 
crystal and of a conglomerate gave an average displacement of 0.3 wave 
number to the red. 


) 


oS _ 
= -_ 
a al 





Fig. 3. A. Absorption by a single crystal of GdCl; -6H2O. B. Absorption by a thin conglomerate 
of small crystals and fragments. C. Reflection from the cleavage face of a single crystal. 


The observation of the greater number of lines obtained by use of thick 
crystals and the slight shift to the red led us to consider the following ex- 
planation as the most likely one for the increased number of lines found in 
the reflection spectrum, though other factors may be operating to a lesser 
degree. If one could examine the curve of the refractive index of the crystal 
plotted against the wave-length of the light, one would find in the neighbor- 
hood of the absorption lines a sudden increase in the index. After such light 
has entered the crystal fragment it is totally reflected many times before 
emerging (as with ordinary light in a diamond), resulting in a greatly in- 
creased path through what becomes effectively a very thick crystal and 
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giving more opportunity for absorption. On the other hand the light of wave- 
length slightly different from the possible absorption lines has an ordinary 
index of refraction and travels only a relatively short distance through the 
crystal. This explanation indicates why the faint lines are the ones to appear 
or grow relatively intense in the reflection spectrum. They are the ones that 
offer the most possibility of intensification, whereas the strong lines are al- 
ready practically completely absorbed. 

The appearance of the satellites 160 cm~ to the red of the “low tempera- 
ture lines” in the conglomerate spectra at “higher temperatures”, instead of 
being attributed to the different force fields at the surface of the crystal, 
should be attributed to the separation of the energy levels of the electronic 
isomers. Lines arising from the two basic levels and ending in a common 
upper level would give this common interval. The lines from the “high tem- 
peratures isomer” would be relatively faint at low temperatures as the rela- 
tive abundance of that isomer would be small. In addition, the transition 
probabilities might be very low. However, due to the relatively greater dis- 
tances travelled by light of those wave-lengths in the conglomerate enough 
would be absorbed to make the lines visible. 


Part II. GdCl;-6H:O 


The study of the reflection spectrum of GdCl;-6H,O brought to light a 
very interesting phenomenon. The usual absorption spectrum of this salt 
consists of some ninety sharp lines which are chiefly in the ultraviolet.‘ 
They occur in groups or multiplets, one of which at about 3100A is composed 
of four very sharp lines that exhibit the following behavior. When a light 
from a hydrogen discharge is passed through a single crystal these lines 
appear strongly in absorption and are also polarized. If the same crystal is 
broken up into a conglomerate the four lines appear in emission in the re- 
flection spectrum (Fig. 3). 

Further description of this peculiarity will appear in the following ac- 
count of the experiments performed. 

1. A quartz wedge-shaped cell varying in thickness from about 0.5 mm 
to 2 mm was filled with a conglomerate of crystals formed by breaking up 
several large ones. Light from a hydrogen source was passed through the cell 
and photographed with a Hilger E2 instrument. All the intense lines except 
the four at 3100A appeared in absorption as usual. In the pictures of the ab- 
sorption by the thinnest layer of conglomerate these four lines and four, 
possibly five, other fainter multiplets between 4000 and 3000A appeared as 
emission lines. As the thickness of the absorbing section increased the fainter 
emission multiplets faded out and at length became absorption lines again. 
The four stronger emission lines were the last to reverse, requiring the whole 
2 mm of conglomerate to do so. 

This change from emission to absorption seems to be caused by a shift 
in the balance between the natural tendency to absorption and a surface 


‘ Freed and Spedding, Phys. Rev. 34, 945 (1929). 
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factor (see experiment 3) which causes emission or strong reflection of these 
lines. 

2. Photographs taken with a larger E185 Hilger spectrograph with an 
arrangement of prisms that gave a dispersion of about 2A per mm in the 
region under consideration indicate that the four emission lines are shifted 
slightly to the red. 

3. Large single crystals were prepared and a parallel beam of light was 
reflected from the faces of the crystal. While photographs (again with the 
small instrument) were made at different angles with the crystal, only those 
at which the angle of reflection was equal to the angle of incidence had in- 
tensity enough in the 3100A region to affect the plates. The four lines at 
3100A could be observed faintly but clearly in emission against the continu- 
ous background. On the other hand the strong absorption lines at 3000 and 
2700A were not even faintly visible on any of the plates examined. Careful 
shielding of the crystal prevented any but reflected light from being photo- 
graphed. 

4. Reflections from the (100) or cleavage faces of the crystals (mono- 
clinic) seemed to be much more intense than those from the (010) or principal 
face. In the latter case the intensities were occasionally so faint as to be 
doubtful. Experiments also seemed to indicate that orientation of the crystal 
so that the longest axis was perpendicular to the plane of the incident and 
reflected rays caused the greatest intensity. However, the intensity differ- 
ences were so small that it is difficult to be certain. 

5. Photographs taken with a Nicol prism placed at several angles be- 
tween the crystal and the spectrograph indicated that the emission lines were 
polarized, but because of general polarization of the background caused by 
the reflection further statements seem inadvisable. We hope with better ex- 
perimental conditions to be able to say more about this. 

It was concluded from these and other experiments that the emission lines 
arise from reflection from the surfaces of the crystals, particularly from the 
cleavage faces, and that they are not caused by fluorescence. They resemble 
very much the residual rays observed in the infrared with ionic crystals. 

This phenomenon can not be caused by any impurity of the particular 
sample of GdCl;-6H2O used in these experiments, since with two lots having 
entirely different histories results agreed in every way. The conglomerate 
with which most of the work was done was from material of nearly atomic 
weight purity kindly furnished us by Professor Hopkins of the University of 
Illinois, and the other lot used was prepared from gadolinium salts obtained 
from the Wellsbach Company and containing as chief impurity about one per- 
cent of terbium. 
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THE TEMPERATURE SHIFT OF THE TRANSMISSION 
BAND OF SILVER 


By J. V. PENNINGTON 
THE Rice INnstiTuTE, Houston, TEXAS 
(Received February 1, 1932) 


ABSTRACT 


It is shown that by Kronig’s quantum theory of dispersion in metals one can ac- 
count for the shift of the frequency at which maximum transmission is found for silver 
when the temperature is varied. The calculated rate of shift is in fair agreement with 
experiment. 


T HAS been known for some time that, although for wave-lengths up to 

5u the optical constants of metals show little or no temperature depend- 
ence, there is a marked temperature effect in the case of silver in the region 
of the minimum of reflecting power, around 3160A. Ebeling! first noted that 
raising the temperature from 15°C to 200°C produces a displacement of the 
reflection minimum toward the red of about 100A and an increase of reflecting 
power at the minimum from 4.2 to 20 or 30 percent. The reflection measure- 
ments of de Selincourt? at temperatures from —183 to 156°C showed that a 
similar effect extended throughout this range. It is to be expected that with 
the minimum of reflection would be associated one of absorption. Minor’s ex- 
periments on silver at ordinary temperatures* showed minima of absorption 
index, reflecting power, extinction coefficient, and absorption coefficient at 
3140, 3160, 3160, and 3220A respectively. Lord Rayleigh‘ first investigated 
the effect of temperature on the absorption minimum (transmission maxi- 
mum) by passing light through silver foil at temperatures from —180 to 
254°C. The transmission maximum behaved much in the same manner as the 
minimum in the earlier reflection experiments. 

Quite recently, McLennan, Smith, and Wilhelm® with greatly improved 
methods made measurements on the transmission band of silver at tempera- 
tures from 20°C down to — 269°C using liquid air, hydrogen, and helium and 
found the transmission maximum to vary nearly linearly with the tempera- 
ture over this large range. Before the appearance of the last named paper, 
the author repeated Lord Rayleigh’s experiments with modifications in order 
to determine the nature of the reported broadening of the transmission band 
and change in transmission intensity and found that these agreed qualita- 
tively with the reflection experiments of de Selincourt. No quantitative ex- 
planation of the shift has been given but one should now be possible in view of 

1 Ebeling, Zeits. f. Physik 32, 489 (1925). 

2 de Selincourt, Proc. Roy. Soc. 107, 247 (1925). 

3 Minor, Ann. d. Physik 10, 581 (1903). 


‘ Lord Rayleigh, Proc. Roy. Soc. 128, 131 (1930). 
§ McLennan, Smith, and Wilhelm, Phil. Mag. 12, 833 (1931). 
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the work on the quantum theory of dispersion in metals by Kronig.* Ex- 
tending Kronig’s theory, Schubin’ has shown that the quantum theory indi- 
cates the existence of an absorption minimum very near the second line of 
the resonance doublet of the corresponding metal vapor (for silver this line 
is found at 3280A). Attention had been called to this coincidence by Ebeling 
in the paper cited above. Schubin also shows that general qualitative consi- 
derations lead one to expect a shift of absorption minimum toward the red 
with increasing temperature. 

In Fig. 1 are shown the experimental values of the frequency at which 
the absorption minimum occurs for different temperatures as found by vari- 
ous investigators. It is seen that the values found by McLennan and by de 
Selincourt fall on straight lines. In both of these cases careful photometric 
measurements were made. Of course, the two lines are quite distinct since 
one represents transmission maxima and the other minima of reflecting 
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Fig. 1. Frequency of transmission maximum. 


power. There is also a difference in the physical condition of the silver used. 
Three of Lord Rayleigh’s values are on a straight line on which Minor’s value 
at room temperature also lies. 

The quantum theory of dispersion in metals as given by Kronig is based 
on Bloch’s theory of metallic conduction.’ The conduction electrons play the 
part both of free and of bound electrons. These electrons are distributed 
among their various quantum states according to the Fermi-Dirac statistics. 
Under the influence of an applied electric field and as a result of collisions with 
the ions of the crystal lattice, which are in temperature vibration, the con- 
duction electrons make transitions to other states. When the applied electric 
field is that due to incident light of short wave-length A, (i.e., less than about 
5000A) it is shown that it is possible to neglect the collisions with the lattice. 

In Kronig’s ideal cubical crystal lattice the quantum states of the conduc- 
tion electrons are given by three quantities £;, &, £3.8 Possible transitions are 
those to states &,’, £’, £;’ where 

6 Kronig, Proc. Roy. Soc. 124, 409 (1929); 138, 255 (1931). 


’ Schubin, Zeits. f. Physik 73, 273 (1931). 
§ Bloch, Zeits. f. Physik 52, 555 (1929). 


























TRANSMISSION BAND OF SILVER 
ft’ =& + 2en; i = 1, 2,3 


and n; is any positive or negative integer. Light of frequency v will be ab- 
sorbed by such electrons as can make such transitions under the condition 


E(é&; + 2an,;) = E(&i) + hv. 


According to Kronig, absorption is found under these conditions for vy =0 
(which corresponds to absorption by free electrons under the classical theory) 
and also for a band »,; <v< ve (corresponding to bound electrons) where »; and 
ve are of the order 10%. 

Now, experimentally just such an absorption band is found for silver from 
vy, =0.925 X10" to ve =1.56 X10". This is best seen by comparing the conduc- 
tivity calculated from Minor’s experimental values of refractive index () 
and extinction coefficient (K) by Drude’s expression 


2a/v = 2nK 
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Fig. 2. A, Relative absorption coefficient (nKXo/A) Minor; B, Conductivity X 10~* cal- 
culated from Minor; C, Conductivity X10~ by quantum theory. 


where o is the conductivity, with the conductivity calculated from Kronig’s 
formula 


Q 
(v2—v)\v—n) n<V<re 


Q 
II 
wm] a 


y 
where Q is a constant for silver. This comparison is made in Fig. 2 where 2 
is taken equal to 18. It is seen that », must have very nearly the value as- 
signed above. 

But the lower frequency limit of the absorption band will also be very 
nearly the upper frequency limit of the transmission band. What we propose 
to show is that this limit, »,, depends on temperature and shifts linearly to- 
ward the red with increasing temperature. If the transmission band does not 
widen appreciably (and the photometric measurements of de Selincourt and 
of McLennan do not bear out the widening reported by others for which 
Schubin attempts an account), the rate of shift of transmission maximum 
with temperature will be very nearly that of 1. 
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Kronig finds, as a theoretical value for », 


tirw 
"3 = — Po) 
h 
where 
w = P(h?/ 87? ma?) 
8=binding constant < 1 
po= (67°K)/3 
2K =number of conduction electrons per cell 
a=the lattice constant. 
Thus 


Shir — po) 
Vi => ; 
2rma? 
where a alone is supposed to vary with temperature according to this theory. 
Putting @=ao(1+at) where a is the coefficient of linear expansion for silver 
and ¢ is the temperature on the Centigrade scale and putting 


Bhim — Po) 
Vo = enum 
2rmao- 
we get 
Vo 
5 So ee @ vol — 2at+---) 
(1 + az)? 
dv; i = r 
— = — dav = — 2 X 19 X 10-* X 0.925 X 10% 
dt 


> 


— 3.5 X 10" very nearly. 


II 


Based on this calculation, a theoretical curve is shown in Fig. 1 for compari- 
son with experiment. Its slope is seen to lie between that of McLennan’s 
curve for transmission maxima and that of de Selincourt’s curve for minima 
of reflecting power. 

In conclusion the author wishes to thank Professor H. A. Wilson for sug- 
gestions and criticisms in connection with the above work. 
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ABSTRACT 


2 


could be heated. 


branch where the spacing is about 28 cm“. 


branches is here found to be about 3.1 cm™. 


dehyde vapor in the infrared was begun. 


of Salant and West in addition locating a band at 4.8u. 


tion is a reversible one, 
1 E. O. Salant and W. West, Phys. Rev. 33, 640A (1929). 
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THE ABSORPTION BY FORMALDEHYDE VAPOR 


rhe absorption spectrum of formaldehyde vapor in the infrared has been investi- 
gated with a prism spectrometer to 7.0u. In addition to confirming the bands reported 
by Salant and West at 3.5, 1.84, 1.44, and 1.25, a fifth band at 4.84 was located. The 
two regions at 3.54 and 4.84 have been investigated under higher dispersion using an 
echellette grating ruled with 3600 lines per inch, and resolved into a fine structure. 
Polymerization of the gas into paraformaldehyde was avoided by using a cell that 


The 3.5 region. The region at 3.54 was found to be one of intense absorption and 
apparently consisting of three partially overlapping bands with centers lying near 
3.4u, 3.54 and 3.64. Of these two appear to have P, Q, and R branches, where the 
average spacings between lines is about 3.5 cm™!. The third band consists of only one 


The 4.8u region. This region is a band showing P,Q, and R branches and very 
similar in structure to those at 3.4u. The average spacing between lines in the P and R 


HE infrared absorption spectra of asymmetric molecules which have 

heretofore been investigated have shown themselves to be of a rather 
complex structure. They have in fact been so complex that they have been 
given only somewhat qualitative interpretations. The desirability of inves- 
tigating the spectra of molecules which are only slightly asymmetric, and 
where one might consequently expect a rather simple structure, immediately 
suggests itself. It seems particularly desirable since such a spectrum might 
perhaps be rigorously interpreted, and in so doing methods of attack on more 
complex spectra might suggest themselves. From chemical considerations, the 
formaldehyde molecule appears to be just such a one. It seems probable that 
all the atoms lie in one plane, the carbon and the oxygen being connected by 
a double bond. Such a molecule would then have one relatively small moment 
of inertia and two relatively large moments of inertia of about the same 
magnitude. With this in mind, the investigation of the absorption by formal- 


Salant and West! have investigated this spectrum with a prism spectrom- 
eter and have reported the existence of bands at 3.5u, 1.8u, 1.44 and 1.25y 
enumerated in the order of decreasing intensities. We have repeated these 
measurements and extended the explorations to 7.0u, confirming the results 


As is well-known, formaldehyde forms polymers at room temperatures and 
in order to maintain it in the vapor state, an absorption cell must be used 
which can be heated. The vapor is made from paraformaldehyde and the reac- 
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(CH )), = xCH,O 


the equilibrium of reaction being pushed toward the vapor state with increase 
of temperature. The temperature was maintained in the neighborhood of 
200°C. The cell was of brass and surrounded by a heating coil of nichrome 
wire. To keep the inside windows at the same temperature as the cell, double 
windows made of mica were used. The cell was thermally insulated with thick 
coatings of asbestos. In order to assure a nearly constant concentration of 
gas in the cell, a continual flow was maintained through it; the vapor being 
generated in a large test tube which also was electrically heated, and after 
passing through the cell, the vapor was condensed in a cooled flask. The cell 
and generator were heated several hours before measurements were taken in 
order that thermal equilibrium might be reached. It was found that measure- 
ments were most effectively made in the regions investigated if the actual 
path of the cell was made about two millimeters long. 

For a study of the spectrum of formaldehyde under higher dispersion, a 
spectrometer of the Sleator type, originally built by Lowry? and later rebuilt 
by one of the writers, was available. In the usual manner, radiant energy from 
a Nernst glower passing through the absorption cell is focussed upon the slit 
of a rock salt spectrometer which serves the purpose of a monochromator. 
From this, the energy is focussed upon the slit of the grating spectrometer. 
This slit is at the principal focus of a collimating mirror which reflects the 
light as a parallel beam on to a grating. After diffraction the radiation is re- 
flected back to the collimating mirror and finally concentrated on the junc- 
tions of a thermopile. Dr. J. D. Hardy, National Research Fellow at the Uni- 
versity of Michigan, very kindly presented us with a vacuum thermopile of 
his own construction to be used in this work. The collimating mirror in this 
case had a focal length of one meter. The thermopile was used in conjunction 
with a Moll thermal relay and a Leeds and Northrup high sensitivity moving 
coil galvanometer. The sensitivity was such that the slits could be narrowed 
to about 17 angstroms and maintained so throughout the experiment. 

The grating used was an echellette ruled by Wood on a copper-chromium 
surface with a spacing of about 3600 lines per inch, and concentrating the 
energy at about 3.5u in the first order. The calibration of the spectrometer 
was obtained from measurements made upon the positions of the 1, 2, —1, 
— 2 lines of HCl as given by Colby, Meyer and Bronk.’ 

The region reported by Salant and West at 3.5u and that found by us at 
4.8u were found to be regions of intense absorptions; these have been care- 
fully examined under high dispersion and resolved at least partially into a fine 
structure. A preliminary run was first made over each band with widened 
slits and readings were taken at intervals of one minute of arc on the circle. 
This extended on both sides of the band until the absorption fell to zero. The 
slits were then narrowed and readings were taken at intervals of twenty sec- 
onds of arc on the circle. Readings were taken at each setting with the cell in 


2 E. F. Lowry, J. Opt. Soc. Am. 8, 647 (1924). 
3 W. F. Colby, C. F. Meyer, and D. W. Bronk, Astrophys. J. 57, 7 (1924). 
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and out of the beam, their ratios giving the percentage of transmission. Com- 
pensating windows were not used, since the amount absorbed by the windows 
of the cell could satisfactorily be accounted for by making a run with the 
cell empty, and moreover since no atmospheric bands occur in these regions. 

TABLE I. 
Line No. “Wave-length "ae Frequency in cm= . a» 
cm"! 
0 3.3604 2975.8 
3.5 
1 3.3565 2979.3 
3.0 
2 3.3531 2982.3 
3.4 
3 3.3493 2985 .7 
Fe 
4 3.3463 2988 .4 
3.4 
5 3.3425 2991.8 
ey 
6 3.3390 2994.9 
2.5 
7 3.3362 2997 .4 
3.3 
8 3.3328 3000.5 
aia 
9 3.3292 3003 .7 
. 3.3 
10 3.3256 3007 .0 
2.8 
11 3.3225 3009.8 
Pe 
12 3.3191 3012.9 
3.6 
13 3.3151 3016.5 
4.0 
14 3.3107 3020.5 
4.4 
15 3.3059 3024.0 
aod 
16 3.3025 3028.1 
3.3 
17 3.2988 3031.4 
5.2 
18 3.2932 3036.6 
4.6 
19 3.2882 3041.2 
4.8 
20 3.2830 3046.0 
3.9 
21 3.2788 3049.9 
THE REGION AT 3.5u 
This region which was reported by Salant and West as a triplet was found 
to consist of what is believed to be three overlapping bands of two different 
kinds. The centers of these lie near 3.4u, 3.54 and 3.6u. The two respectively 
at 3.4u and 3.6u appear similar in structure, showing P, Q and R branches of 
which the Q branch is relatively weak. The spacing between the lines in the 
P and R branches is about 3.4 cm at 3.6u and 3.5 cm™ for that lying at 
3.4u. 
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The band whose center lies near 3.5 is of entirely different structure. It 
consists of one very prominent line (much resembling a Q branch) near the 
center and groups of closely spaced lines nearly equally spaced on both s les 


TABLE II. 
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of it. Between these more prominent lines are other groups of rather closely 
spaced lines of lesser intensity. These can only imperfectly be resolved and 
form a more or less continuous background. On the low frequency side the 


overlapping with the band at 3.6u is so bad that only the approximate loca- 
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tious of these more prominent lines can be distinguished, but on the high fre- 
quency side, while there too is some overlapping, one can distinguish the first 
three of these more intense line groups at least, as well as determine to a fair 








TABLE III. 

Line No. Wave-length in u Frequency in cm Ap 
cm 

3 3.5838 2790.3 
3.9 

2 3.5889 2786.4 
2.8 

1 3.5925 2783.6 
4.0 

0 3.5977 2779.6 
4.3 

—1 3.6032 2775.3 
3.5 

—2 3.6077 2771.8 
3.2 

-3 3.6119 2768.6 
3.0 

—4 3.6158 2765.6 
2.9 

—5 3.6198 2762.7 
37 

—6 3.6245 2759.0 
2.9 

—7 3.6283 2756.1 
se 

—8 3.6326 2752.8 
4.6 

—9 3.6388 2748.2 
3.7 

—10 3.6436 2744.5 
3.0 

—11 3.6477 2741.5 
2.6 

—12 3.6511 2738.9 
2.3 

—13 3.6545 2736.4 
aaa 

—14 3.6588 2733.1 
aa 

—15 3.6629 2730.0 
3.6 

—16 3.6678 2726.4 
3.8 

—17 3.6730 2722.6 
3.4 

—18 3.6775 2719.2 











degree of approximation what are their intensities. The spacings between the 
more prominent groups are about 28 cm. Fig. 1 shows the percentage absorp- 
tion due to formaldehyde vapor in this region. It represents the points which 
have been repeated from several runs over this region. For convenience the 
original circle settings have been replaced by a wave-length scale in uw and a 
frequency scale in waves per centimeter. A compilation of the lines of the 
bands at 3.4y, 3.5u and 3.6 is given in Tables I, II, and III respectively. 
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THE REGION aT 4.8u 


The absorption band at 4.8y is similar to those at 3.4u and 3.6u, showing 
distinct P, Q, and R branches. As in the two earlier cases, the Q branch is 
relatively weak. Moreover it appears to be broadened unsymmetrically to- 
ward higher frequencies. The higher resolution in this region shows that what 
appeared as single lines in the P and R branches of the bands at 3.4y and 3.6u 
is actually several lines lying so close together that they cannot be resolved. 
In this region what appeared as single lines before occurs as quite broad lines 
with indications of a finer structure. The spacing between the maxima of these 
groups is somewhat less than in the other two bands of this kind, and is about 
3.1 cm~'. Fig. 2 shows the percentage absorption in the 4.8u region. As 
before, it is a composite curve showing the characteristics which recur in all 
runs. As in Fig. 1, wave-length scales and frequency scales have been sub- 
stituted for the original circle settings. In Table IV is given a compilation of 
the wave-lengths and frequencies of the observed lines of this band. 


TABLE IV. 

Line No. Wave-length in u Frequency in cm™ Av 
cm7! 

— 20 4.9364 2025.7 
3.5 

—19 4.9280 2029.2 
2.4 

—18 4.9222 2031.6 
2.9 

—17 4.9153 2034.5 
oe 

—16 4.9088 2037.2 
Ze 

—15 4.9037 2039 .3 
2.4 

—14 4.8980 2041.7 
3.3 

—13 4.8899 2045 .0 
3.4 

—12 4.8818 2048 .4 
2.9 

—11 4.8749 2051.3 
3.2 

—10 4.8674 2054.5 
2.9 

—9 4.8604 2057.4 
3.0 

—§ 4.8535 2060.4 
3.3 

—7 4.8457 2063 .7 
2.8 

—6 4.8392 2066.5 
2.6 

—5§ 4.8331 2069.1 
a 

—4 4.8272 2071.6 
2s 

wail 4.8199 2074.7 
ee 

—? 4.8149 2076.9 
2.6 


—1 4.8088 2079.5 












TABLE IV. (Continued). 
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Line No. Wave-length in u 


















0 4.8030 
1 4.7976 
2 4.7892 
3 4.7800 
4 4.7719 
5 4.7654 
6 4.7577 
7 4.7511 
8 4.7449 
9 4.7384 
10 4.7318 
11 4.7249 
12 4.7162 
13 4.7095 
14 4.7038 
15 4.6955 
16 4.6890 
17 4.6821 
18 4.6743 
19 4.6643 
20 4 


.6545 
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5H. H. Nielsen, Phys. Rev. 38, 1432 (1931). 


INTERPRETATION OF THE OBSERVED BANDS 


While the rigorous interpretation of these bands is left for a later com- 
munication, it seems not wholly amiss here to point out some of the details of 
the observed bands which are characteristic of molecules of this kind. 

The theory of the asymmetric rotator predicts that for a molecule like 
CH.O, where the atoms are assumed to be coplanar, three different types of 
bands may occur.‘ These shall be designated, where the electric moment 
changes along the least axis of inertia, as type A, where the electric moment 
changes along the intermediate axis, as type B, and where the vibration is 
along the largest axis of inertia, as type C.5 Types B and C will be very nearly 


4H. A. Kramers and G. P. Ittmann, Zeits. f. Physik 53, 553 (1929); S. C. Wang, Phys. 
Rev. 58, 730 (1929); O. Klein, Zeits. f. Physik 58, 125 (1929), 
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alike since the two larger moments of inertia are nearly equivalent, the rela- 
tion being: A, =A,+A., where A,, Ay, and A, are chosen the three principal 
moments of inertia and where A,>A,>A,. Of these three types, only two 
have been observed; namely, type A and either type B or type C. The type A 
bands arise when the electric moment vibrates along the least axis of inertia 
and consist of P, Q, and R branches. As we have seen, three such bands have 
been observed, namely, those at 3.4u, 3.6u, and 4.8u. Whether the band oc- 
curring at 3.5u is of type B or type C can only definitely be determined by an 
analysis of the normal modes of vibration or by a detailed study of the rota- 
tions of the molecule. The rather high frequency position of the band in the 
spectrum, however, indicates that the interatomic forces involved are rela- 
tively large. This suggests that the band observed is due to a vibration of CH» 
configuration along the intermediate axis of inertia, and hence it would be of 
type B. Moreover, a type C band would in our molecule arise from a vibration 
perpendicular to the plane of the molecule, and it seems likely that the forces 
that would here enter into play would be much smaller, and that consequent- 
ly the band would lie at longer wave-lengths than those we were able to ex- 
plore because of the increasing opacity of mica in this region. 

Let us first consider the type A bands. In the case of the symmetric rota- 
tor, this type arises from transitions where J—>J, K--K; J->J+1, K-K, 
the first giving the Q branch and the other the P and R branches. In the 
nearly linear slightly asymmetric rotator the levels resemble those of the 
nearly linear symmetric rotator a great deal except that each level save one 
(K =0) is split up into two, say K’ and K”’.* Complete discussions of the 
transition rules for the asymmetric rotator have been given by several 
writers,® but the ones of importance to us may be given as follows: The transi- 
tion rule in our case corresponding to that above for the symmetric case be- 
comes JJ and K’—K”" or K’’—K’. Consequently, no sharp Q branch can 
be expected but, as is observed, one that is somewhat broadened. The other 
transition rule from above becomes JJ +1, K’-—K’ or K’’-K"’. This gives 
rise moreover to a fine structure of each of the lines in P and R branches since 
the splitting up of the levels is different for different values of J. This fine 
structure is here observed as a broadening of each line in the P and R 
branches with occasional evidence of complex structure. It is well-known that 
this type of vibration in the linear molecule gives a band with a missing line 
at the center. It was shown by Bennett and Meyer’ in the case of the methyl- 
halides that as the largest moment of inertia increased from one halide to an- 
other while the small one remained approximately the same (i.e., as this series 

* It has seemed in the case of asymmetric rotators of only very slight asymmetry to retain 
a nomenclature analogous to that used in symmetric rotators would be an advantage. Hence the 
K used for the symmetric case has been replaced by K’ and K”’ instead of using the r's intro- 
duced by Dennison. This may be done because the actual splitting up of the symmetric levels 
is small and because the transitions permitted in such rotators which may not occur in the 
symmetric case occur with only very small intensities. 

6H. A. Kramers and G. P. Ittmann, Zeits. f. Physik 60, 663 (1930); D. M. Dennison, Rev. 
Mod. Phys. 3, 280 (1931). 

7 W.H. Bennett and C. F. Meyer, Phys. Rev. 32, 888 (1928). 
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of molecules effectively more and more approached the linear case) the Q 
branch diminished in intensity. In the case of formaldehyde which does not 
depart radically from the linear model we might expect to find exactly this 
same effect, and this is just one of the details which we have observed at 3.4y, 
3.6u and 4.8u. 

Type B bands occur in the symmetric rotator when transitions of the 
kind: J>J, K>K+1; J>J+1, K-K +1 take place. An analogous set of 
rules may be formulated for the asymmetric rotator and in our case they may 
be summarized so: J->J, K'’-K’'+1; K"’-K"’+1; J->J+1, K’-K"' +1, 
K'’—K’' +1. In the symmetric top the envelope of this kind of band shows 
only one maximum, each line being made up of several exactly superposed 
lines arising from several quantum transitions. Here one would not expect 
them exactly to coincide and consequently a rather complex structure would 
result. The tendency would be to give a rather intense line group where before 
there occurred a single line, and now with weaker lines in between. This is 
precisely what one observes at 3.5u. A further complication which is en- 
countered is the existence of the identical hydrogen atoms in the molecule. 
Under these circumstances the levels must be classified as symmetric and 
antisymmetric, of which the latter are populated three times as densely as the 
others. In the case of our molecule this would lead to an unsymmetry of the 
appearance of the lines about the center, a detail which is not exceedingly ap- 
parent here because of the strong overlapping. It is, however, clearly evident 
between the extremely strong line at the center and its mate which is only 
roughly one third as intense. It is another observed fact that the spacing of 
the intense line groups of the type B band is about eight times that in the type 
A bands. This too is in agreement with theory, for as is well-known, as one 
approaches the linear model the spacings of this type of band becomes ever 
larger with respect to the spacing of the other type until finally in the limiting 
case, this type of band disappears completely—the lines being separated by 
infinite spacings. 

Summarizing, we may say that an investigation of the formaldehyde spec- 
trum in the infrared has shown it to consist of at least two different kinds of 
bands with different spacings. The one type, type A, shows P, Q, and R 
branches of which the Q branch is relatively weak and the spacings between 
lines in the P and R branches are quite fine; type B consists only of one 
branch with a maximum at the center and with spacings between the line 
groups about eight times as great as in Type A. Finally a qualitative discus- 
sion has been given accounting for the more obvious details of this spectrum 
on the basis of the theory of an asymmetric rotator model not departing radi- 
cally from the linear type. 

The writers wish to express their appreciation to Dr. J. D. Hardy who 
very kindly presented them with a vacuum thermopile of his own construc- 
tion for use in this investigation. Also the kind cooperation of Professor 
Alpheus W. Smith in making available departmental funds for the purchase 
of gratings and other equipment is acknowledged with gratitude. 
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ABSTRACT 


The theory regarding the degenerate electronic gas inside an electron-conductor 
producing an electronic gas, i.e., the surface-electrons, covering the surface of the 
conductor is applied to the ordinary and the selective photo-effect and the evaporation 
from heated metals. Further, it is explained how the adsorption caused by metallic 
surfaces and the catalytic effect produced by them can be calculated when surface- 
electrons are considered and that the potential barrier which accounts for the work 


function also can be estimated. 


CCORDING to Sommerfeld! the “free” electrons of a metal can be re- 
garded as a degenerate gas capable of expanding. Electrons will there- 
fore escape through the surface of a metal, or other conductor able to conduct 
electricity wholly or partly by means of “free” electrons, but, as the conduc- 
tor is surrounded by a potential barrier (which barrier is partly built up of 
a field produced by electrons which have crossed the surface), the electrons 
cannot leave the zone close to the surface. This barrier, P, is greater than a 
potential difference which would retard the electrons having the maximum 
kinetic energy, E, and the work of emergence of an electron (the “work func- 
tion”) is W=P—E. The conditions close to the surface can therefore be de- 
scribed in terms of the maximum kinetic energy of the “free” electrons and 
the height of the barrier. The electrons in the atmosphere thus produced close 
to the surface shall be termed the “surface-electrons”. In accordance with the 
distribution law of Fermi the number of “free” electrons with kinetic energies 
between € and ¢+de is 

4ir(2m)?'? e'/*de 

n(e)\de = ————_ ——_—_—- (1) 
h3 1 aa e‘ E)/kT 

where /: is Planck’s constant, m the mass of an electron and & the Boltzmann 

gas constant. When e<E we have approximately 


4a(2m)?/* 
n(e)de = —————- €' "de 


h’ 


and when e>E 


4r(2m)3/? 
n(e)de = _*__. g(E- 
h’ 





¢)/kT 


' Die Naturwissenschaften 15, 825 (1927) and Zeits. f. Physik 47, 1 (1928). 
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As only few electrons have energies above E this energy is termed the “maxi- 
mum” kinetic energy of the “free” electrons, and, Sommerfeld showed that 


h? /3n\2/3 
© ah endl oe 
Sm \a 


= 26a—?/3n,2/8 


or if E is in volts, 
P| 


where a is the volume occupied by a gram atom of the metal, the number of 
“free” electrons per cc and m; the number of “free” electrons per atom. If the 
metals are arranged in accordance with the maximum kinetic energy of their 
“free” electrons the following succession is obtained: Mn, W, Ni, Os, Fe, Cr, 
Pd, Co, Pt, Zn, Cu, C, Al, Hg, Mg, Pb, Ca, Li, Na, K. On the basis of Eq. 
(2) the electrons of manganese have a maximum kinetic energy of 19.7 volt- 
electrons, nickel 18.8, copper 14.8, aluminum 11.7 and potassium 2.1. (It 
must in this connection be remembered that there is a considerable uncer- 
tainty as to the proper values of 2; to be used for the different metals. The 
values of E mentioned have been computed on the assumption that the 
electronic “shell” of the ion left when electrons are set free is stable.) 

If molecules of a gas or liquid in which a metal is immersed come in among 
surface-electrons having energy high enough to ionize them, ionization takes 
place. On account of the image force, ions some distance from the surface 
will be attracted, but quite close to the surface the space charge force will at- 
tract negative ions and repel positive. The positive ions will therefore be kept 
moving in a zone a certain small distance from the boundary. This zone shall 
be termed the “positive zone”. The kinetic energy of positive ions kept in the 
positive zone will increase with the temperature. Some of the ions may there- 
by acquire energy high enough to overcome the potential barrier and thus be 
enabled to leave the zone as ions or, by capturing an electron, as molecules in 
the normal or in a higher energy state. The ions of the positive zone will al- 
ternately be neutralized, by capturing electrons, and reionized in collision 
with rapidly moving electrons. The distribution of velocities among the mole- 
cules (ions) kept, i.e., adsorbed, in the positive zone will be Maxwellian with 
regard to movements in the two dimensions parallel to the surface. In the 
third dimension also the distribution will tend to be Maxwellian. The dis- 
tribution of velocities among the surface-electrons will also tend to be Max- 
wellian though the distribution among the electrons coming from the degen- 
erate electronic gas of the metal is different, but it will approach the Maxwell 
distribution the further the electrons are from the surface. 

The idea that the surface of a metal is covered by an electronic gas is not 
new. Oliphant and Moon? show, for instance, that the existence of the gas 
plays an important réle in the neutralization of ions brought into contact with 
the surface of a metal and that the gas accounts for a simultaneous secondary 
ejection of electrons. In this paper it will be shown that the experiments on 
the photo-effect do not contradict the existence of the surface-electrons and 


2 Proc. Roy. Soc. 127, 392 (1930). 
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that the adsorption and catalytic effect caused by metallic surfaces can be 
calculated when surface-electrons are taken into consideration. The follow- 
ing methods of treatment used in explaining the photo-electric effects, ad- 
sorption and catalysis are new. 

The number of electrons inside the conductor moving with a kinetic en- 


ergy near the maximum is 
4am (/3n\*'8 
—E—— 3 Oe, 
h? \r 


and the number of electrons passing the surface with this energy is 


6x (“) - | 
No =—|—)]) de. (3) 
' 13h\ 4 


Such electrons are able to move into a zone such distance from the surface 
that the potential energy of the electrons become equal to the mentioned 
maximum kinetic energy. As the electrons of the zone have altogether lost 
their original velocity their kinetic energy will be determined by the tem- 
perature. The number of electrons passing one square cm placed inside the 
zone becomes thus approximately proportional to 2,(3k7/m)"'? when m, is the 
number of electrons per cc of the zone, and at equilibrium 


wr {3n\2/3 
ny = =(=) (3mkT)*/?, (4) 
h\r 


1 





Among the electrons some will gain a velocity above the average enabling 
them to cross the remaining part of the barrier. The number able to do so 


will be 
sry? _ k /3n\?'8 - 
N=m(—) e¥'? =3.8—(—) Te-W!'?, (5) 
2m hX\r 


Electrons evaporating from the surface-electrons of a hot metal (tungsten) 
give thus a saturation current, when the work function is 4.5 volts, of 


J = 8.6 X 10®Te~5:2+/7 amp. /cm?. (6) 


This equation resembles that of Richardson-Dushman. Sommerfeld and 
Houston and also Nordheim show that the current is proportional to 7* when 
surface-electrons are not considered. Other calculations give the old 7“? law. 
In the calculations of Sommerfeld it is assumed that all electrons with a ve- 
locity larger than (2P/m)"? are ejected and that the distribution of velocities 
is Fermi’s. The measured work of emergence, W, is thus only a part of the 
true work of emergence of the ejected electrons. Considering the existence 
of surface-electrons W becomes the true work of emergence. If a field of the 
strength F is applied the number of electrons which can be pulled out of the 
metal by the field becomes, when surface-electrons are considered, 


; k (/3n\3/? 
5 Mw 3g ff _\ 7o-(w-er) ser 
(5’) N’ = 3.8 is : 


hX\r 
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where ¢ is a constant. Millikan has shown proportionality to e-* 7*+9” where 
a and @ are constants. As in these experiments ¢F is small compared with W, 
Eq. (5’) agrees with experiment. 
The number of electrons which in accordance with Eq. (1) have energies 
high enough to cross the total barrier is approximately 
3.7armkT 


h 3 


At equilibrium V = Ny and we get by use of (2) 


P=z=1.5E = 3. (8) 
W can thus be calculated: 

W Ws 
K 1.05 0.5-1.4 
Na 1.55 . 
Ca 2.50 fe 
Pb 3.0-4.6 3.9 
Mg 3.65 3.2. 


W,.. is the value determinated by experiments. As measurements of the work 
function are subject to considerable error there is good agreement between 
the theoretical values and the measured. Metals with a higher valency than 
those listed have a lower work function than that determinated by the use of 
Eq. (8). This is partly due to the approximate estimation of the density 
of the surface-electrons. Eq. (4) shows that the density increases with 1, 
(since ” is proportional to 7;). With an increased density the outermost lay- 
ers contribute a larger portion of the emission current and, since the work of 
emergence is lower than W for the outer electrons, metals with a high valency 
will therefore show a lower work function than that determined from Eq. (8). 

Oxides consist of a metallic space lattice and one of oxygen. The oxygen 
lattice will diminish the path traversed by a free electron between two suc- 
cessive collisions with atoms. The low conductivity of oxides is due to such 
decrease in the free path of the electrons. Using Eqs. (2) and (8) W can be 
calculated for oxides: 


a Wes 
CuO 2.08 1.8 
BaO 1.93 1.7-2.0 
SrO 2.24 
CaO 2.53 2.52 
MgO 3.30 3.30 
Fe:O; 3.4 3.8 
Al,O; 3.8 3.9 
NiO 4.3 4.2. 


Millikan has shown that the maximum retarding potential, W,,, for elec- 
trons emitted from a negatively charged metal when its surface is illuminated 
by ultraviolet light, increases linearly with the frequency, y, of the radiation. 
The maximum kinetic energy of the emitted electrons is given by the Einstein 
equation, 

SMVm? = hv — hyo = Wwe, (9) 
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where e is the charge of an electron and v,, is the maximum velocity of the 
emitted electrons. vp is the minimum frequency known as the “photo-elec- 
tric threshold” and, if Wo is the work function, then hyp is equal to Woe. For 
larger frequencies hyp becomes negligibly small compared with hv and we get 
5mv,,” =hv when the surface is illuminated by x-rays. The normal photo- 
electric current produced when the surface is illuminated by light increases 
with the intensity of the radiation and the number of electrons emitted per 
quantum absorbed increases with the frequency of the radiation. Distinct 
from such normal photo-effect is known the selective effect showing a maxi- 
mum on the normal near frequencies corresponding with the work function. 

When the surface-electrons are illuminated collisions between photons and 
electrons transfer energy from the radiation to the surface-electrons and the 
temperature of the surface-electrons will increase. In accordance with Comp- 
ton, the shift in wave-length produced in the radiation on collision with an 
electron is 

h 
AX = —(1 — cos 8), 
mC 

where @ is the angle at which the photon is scattered. A quantum of frequency 
y can therefore not transfer to an electron an energy greater than 


—— = 0.95 X 10-*-, (10) 


for the use as kinetic energy. Approximately 2uhv/mc? =0.48 X10-%ad"! of 
the initial energy of the photon is transferred to the electron, where a is a con- 
stant less than one. The average energy of an atom of a monatomic gas at the 
temperature 7’ is 2X10~'* 7. If therefore every electron of an electronic gas 
at a temperature 7 collides with g photons the temperature of the outermost 
layer of the surface-electrons will be approximately increased by 


Tr, — T = 4.7 X 10° “ad—*¢g = 8 XK 10° Fal hy)vg. (11) 


In collision with ultraviolet light such increase in temperature is about 2°C 
when g=1, and in collision with x-rays of the order of 10° degrees. Using Eq. 
(6) the photoelectric current becomes 


J = 8.6 X 108 XK 10-5a(hv)vg + Te 2+" 8+10-Saheig+T (12) 


A current of 5X10-* amp./cm?/cal. has been measured by Pohl and Pring- 
sheim when the energy of radiation is of the order of 5X10-* cal./sec. cm’. 
This means that the temperature of the outer part of the surface-electrons is 
increased to about 2,000°C during the radiation. Variation in 7 is therefore of 
no practical importance as long as T is below the temperatures at which the 
surface emits visible radiation. That the photo-effect shows such independ- 
ence of the temperature has been demonstrated by experiments. The photo- 
electric current is therefore as a first approximation 


J =7 X 10%a(hy)yge-* 5+" /a)ea Amp., (13) 
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when W’=4.5 volts. It must in this connection be borne in mind that the q 
of Eq. (11) is the number of photons with a certain frequency colliding with 
one electron, whereas g of Eq. (13) becomes the number of photons colliding 
with one electron after having collided with others, the frequency is therefore 
decreased so that J becomes somewhat too large. 

Rayleigh has suggested that an electron may conceivably absorb wave 
energy from a region of the order of magnitude of the square of a wave-length 
of the incident light. g is hence proportional to the square of the wave-length. 
The photoelectric current would in this case be independent of the frequency, 
but as experiments show that the current per quantum absorbed increases 
with the frequency, g must be another function of the wave-length than the 
one suggested. That the general exponential, e~-”//‘"™, is part of the expres- 
sion is in accordance with some experiments of Lawrence and Linford* which 
show a change of 5 percent in the lowest frequency producing a measurable 
photo-current when the work function is altered by an applied field equal to 
about 0.1 percent of that which gives rise to the work function. That experi- 
ments show a linear relation between photo-current and energy is due to a 
disturbance in the equilibrium which determines the density of the outermost 
part of the surface-electrons, since a conveyance of energy to this zone in- 
creases the photo-current but also the current in the direction of the surface. 
The density of the outermost part hence decreases, which will cause a diminu- 
tion of the photo-current and an increase in the average work function for the 
ejected electrons. The calculations leading to Eq. (8) also show an increase 
proportional to W=(1.5 T7f/T—1) E, where 7f is the increased tempera- 
ture of the outermost zone. Eq. (13) is therefore consistent with the linear 
relation measured. In the above mentioned example about 2X10" photons 
pass through one square centimeter of the surface of the surface-electrons. One 
electron near the surface will thus collide with 2X10!’ A photons, where A is 
the cross-section of the region from which an electron can extract wave- 
energy. The photoelectric current produced demands about 2,000 collisions 
which means that A for the wave-length in question is approximately 10-" 
square centimeter. 

The selective effect shows a resonance-maximum from which the effect 
falls rapidly with increasing or decreasing wave-lengths, the current being 
generally insignificant 100 to 150upu from the maximum. Such selective effect 
may occur if molecules or atoms brought in among the surface-electrons are 
ionized by photons, since the neutralization following the ionization will, in a 
collision of the second kind (the neutralization takes place in a dense elec- 
tronic gas), produce electrons having a kinetic energy equal to the ionization 
energy, and the effect will occur if the ionization energy is larger than the 
work of emergence at the place of neutralization. It is therefore natural to 
expect that the selective effect is produced in a similar manner when evapora- 
tion produces atoms of the metal moving among the surface-electrons. Atoms 
thus set free will alternately be neutralized and ionized by the surface-elec- 
trons as long as the atoms are close to the surface, but when they come out 


3 Phys. Rev. 36, 482 (1930). 
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in the outer part of the surface-electrons the electrons will not have energy 
high enough to ionize them. Ionization in the outer part will therefore only 
occur in case certain energetic photons collide with the atoms. A neutraliza- 
tion of ions formed in collisions with photons will, through a collision of the 
second kind, produce electrons with a kinetic energy equal to the ionization 
energy and a probability of electrons escaping through the outer part of the 
potential barrier is produced when the energy of ionization is larger than the 
work of emergence. The selective effect is thus produced. A similar effect can 
also be produced by adsorbed atoms or molecules. Potassium, which is ionized 
in the gas phase by 4.3 volt-electrons, shows a photoelectric maximum at fre- 
quencies corresponding to 3 volts. (The difference is due to a decrease in the 
energy of ionization produced by the field close to the surface.) Sodium is 
ionized by 5.1 volt-electrons, and has a maximum at 3.5. The work function 
measured by the evaporation of electrons from potassium is between 0.5 and 
1.4 volts and for sodium 1.8 so that the maximum frequency corresponds to 
a potential larger than the work function. This is in accordance with the 
above mentioned. When the atoms set free are ionized in collision with pho- 
tons, electrons with a kinetic energy mv? =hy— Ve are produced when V is 
the ionization potential. When the kinetic energy is larger than the work 
function some of the electrons produced will escape through the outer part 
of the potential barrier with a kinetic energy mv? — We, where W is the work 
function at the place of ionization. 

If a metallic surface is brought in among molecules capable of being 
ionized by collision with electrons having energies larger than Q, the mole- 
cules will be ionized in case the maximum kinetic energy E of the surface- 
electrons is larger than Q. The number of electrons crossing the surface with 
energies above Q will in accordance with (1) be 


N = 1.5mh-*(E? — Q?). (14) 


By this equation we are able to calculate the adsorption taking place at the 
surface of metals or other conductors since it is the ionized molecules which 
are attracted and thereby adsorbed. An ion will on the average after a cer- 
tain time Af be neutralized and such neutralized ion will, after the expiration 
of a time c’/ N, have the possibility of again being ionized. A molecule will 
only be able to leave the zone close to the surface in case it gains—during the 
time c’/ N—such velocity away from the surface that it is outside the zone 
before the expiration of the time. The molecules are thereby kept a time 
y’(At’+c’/N) close to the surface when y’ is the number of ionizations a mole- 
cule undergoes between the time when it enters the zone and leaves it. If 
the number of molecules per cc outside the surface zone is m, the number inside 
will be 

y’ (At! + c’/N) 

Al 


n' = 





where A? is the average time the molecule would stay in the zone if no ioniza- 
tion took place. The number of molecules colliding with a molecule kept in 
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the zone having a velocity and a direction such that the colliding molecule 
as well as the molecule in the zone can leave the surface in case the molecules 
are neutral is 
knr2ve"* NX MY 17 
where 7 is the temperature, ./ the molecular weight, r the radius of the mole- 
cules and v the velocity with which they are moving into the zone. k, k’, x 
and y are constants. The part of such collisions which take place with a 
neutralized ion is 
c’ N 
¢ N + At’ 

and we get 

1+ At'(.V/c’) 


9 


r2 


ek xX wl iT (16) 


R =(¢ ; 
where A is the accessible area of the surface and R the adsorption. 

In case the number of collisions between electrons and molecules is great 
compared with the number of mutual collisions amongst the molecules an 
electronic pressure (like the buoyancy) will try to expel the adsorbed mole- 
cules from the surface zone. In this case we get 


Sip . 
R= CA ——— OO 4 by), (17) 
Syu( MT) 
where 5S; is the area of the molecules against the electrons able to ionize them 
and Sy the average area against all the electrons. By combining (16) and (17) 
we have at constant temperature 


R =——.- (18) 


(16) and (18) show that at high pressure the adsorption is independent of the 
pressure, viz., there is a certain saturation pressure. 

Gauger and Taylor have shown that a surface of nickel is saturated with 
hydrogen at a pressure of 40 mm when the temperature is 298°K and that a 
19-fold increase in pressure does not add to the adsorption. At 578°K the 
saturation pressure is 250 mm and the adsorption is 62 percent of that at 
298°. The adsorption of hydrogen, carbon dioxide and carbon monoxide shows 
similar adsorption maxima on copper and a calculation gives x =0.38. From 
the adsorption of ethylene, hydrogen and carbon monoxide on copper and on 
copper having adsorbed mercury, it can be calculated that y =0.6. 

The great heat evolved when molecules having electron-affinity are ad- 
sorbed can be explained by the fall of the ions through part of the potential 
barrier, whereby the ions gain kinetic energy which produces the heat. The 
first amount of oxygen adsorbed on a surface of carbon evolves an adsorp- 
tion heat of 220,000 calories, on tungsten the evolved heat is 320,000 calories. 
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The difference in adsorption heat is equal to 4.3 volt-electrons. In accordance 
with Eq. (2) the difference in the maximum kinetic energy of the electrons at 
the two surfaces is 5.7 volts. The increase in the potential barrier of tungsten 
over that of carbon can thus account for the great increase in the heat of 
adsorption. That the heat evolved. when molecules only able to produce posi- 
tive ions are adsorbed is small, confirm the existence of the positive zone. Ex- 
periments of Taylor and Kistiakowsky show that carbon monoxide (ionized 
by 15 volts in the gas phase and presumably by 14—14.5 volts near the sur- 
face of a metal) adsorbed on copper (having surface-electrons with a maxi- 
mum kinetic energy of 14.8 volt-electrons) evolves a heat of adsorption which 
at the beginning of the adsorption is 26,000 calories but decreases when the 
adsorption is increased until a minimum whereafter it increases to a maxi- 
mum. When hydrogen (ionized in the gas phase by 15.3 volt-electrons and 
presumably by 14.3—14.8 volt-electrons near the surface) is adsorbed on 
copper the heat of adsorption increases from zero and passes through a maxi- 
mum. This means that carbon monoxide is ionized a small distance off the 
positive zone, but when the adsorption is increased the oxide will have to 
collide with an increasing number of electrons having energy high enough to 
ionize it. The ionization zone will thus come closer to the positive zone and 
the heat of adsorption will decrease. However, as the charge of the positive 
zone will increase the distance between the positive zone and the ionization 
zone will increase by further increase in adsorption, the increase in the adsorp- 
tion heat is thus produced. Hydrogen having a higher energy of ionization 
than carbon monoxide is first ionized in the positive zone whereby heat can- 
not be evolved before adsorption causes an increase in the charge of the zone. 

The intermittent ionization producing the strong adsorption on metallic 
surfaces attempts to keep the ions in the positive zone. Ionization, however, 
does not influence the movements of molecules (ions) parallel to the surface. 
The adsorbed molecules may therefore act as a two dimensional gas. In this 
gas, which is partly ionized, collision between the molecules and ions may 
produce reactions, just like collision in ordinary gases. If two hydrogen mole- 
cules collide an energy equal to 4.4 volt-electrons must be available in case 
dissociation shall occur, but in case two hydrogen ions collide only 2.6 volt- 
electrons are required. Part of the energy used in the ionization is therefore 
reducing the dissociation energy, i.e., the ability of the molecules to enter into 
reaction is increased by ionization. If therefore a surface of an electron-con- 
ductor adsorbs hydrogen as ions the apparent activation energy of the hydro- 
gen dissociation taking place at the surface is lowered. This is an example of 
the catalytic activity of metallic surfaces. The lowering of the energy of 
dissociation caused by ionization is due to a decrease in the energy of sepa- 
ration. When a molecule A with an energy of ionization J, collides with a 
molecule B having an energy J, and A is ionized, B can be ionized in case 
I,=TIp. In such collision there will be a state where it cannot be said that A 
nor B are ionized and, as the collision takes place in the dense electronic gas 
covering the surface, we have a complex of the molecules A and B and a 
mutual electron, a complex disposing of an energy J4 which is available for a 











976 J. E. NYROP 


rearrangement of the atoms inside the complex. The apparent heat of activa- 
tion of a reaction between A and B is thus lowered. A surface hence causes 
further chemical reactions when the surface-electrons are able to ionize those 
molecules most difficult to be ionized among the reacting molecules, viz., the 
surface acts as a catalyst. As the number of collisions increases by adsorption, 
the effect caused by a catalytic surface will further be due to an increase in 
collisions with ions. 

The velocity by which the molecules come into contact with a catalyst is 
proportional to p/y (.\/7)"", but as the number of collisions able to cause the 
reaction is proportional to e~4’/7, where A’ is a constant, a certain high tem- 
perature is thus demanded. To counteract the influence of the necessary in- 
crease in temperature on the velocity by which the reacting molecules come 
into contact with the surface the pressure will have to be above a certain 
value. In this way the high pressure processes employing catalysts can be ex- 
plained. The synthetic ammonia process demands for this reason a high pres- 
sure. The catalyst which shall be used in the synthesis must be able to ionize 
nitrogen. Only catalysts of Os, Mo, Fe, Ni, Mn and W having a high maxi- 
mum kinetic energy of their surface-electrons are therefore usable. Experi- 
ments have confirmed this. A nickel catalyst produces methane from carbon 
monoxide and hydrogen, one containing zinc produces methanol and one of 
copper formaldelhyde. This is due to the diminishing hydrogen adsorption 
in relation to carbon monoxide when the energy of the surface-electrons de- 
creases as hydrogen has a higher ionization energy and a lower molecular 
weight than the monoxide. The activation energy of the para-ortho hydrogen 
conversion is equal to about 2.5 volt-electrons on a catalyst of platinum black. 
As this is the same as the energy of dissociation of hydrogen ions it indicates, 
as the heat of conversion is only 0.015 volt-electrons, that the conversion 
takes place in collision with hydrogen ions adsorbed on the platinum. The 
necessary possibility for a rearrangement is thus produced. All metals able 
to be rendered “passive” have surface-electrons with a maximum kinetic 
energy above 15.1 volt-electrons, or above the ionization energy of oxygen, 
confirming that “passivity” is due to adsorption of oxygen. The values of E 
determinating by Eq. (2) are also confirmed by several other processes and 
hence the succession of the metals mentioned above. 

The experiments of Davisson and Germer have shown that for relatively 
high velocities of electrons the electrons show the “wave-length” which is 
assumed by the wave mechanics when the electrons are reflected from the 
surface of a mickel crystal, but only approximate agreement with the wave 
mechanics is observed for lower speeds. As the surface-electrons will interact 
with slow moving electrons reflected from the surface this approximate agree- 
ment is understandable. The conclusion from the wave mechanics that an 
electron may have a probability of occurring in a region in which the potential 
energy is greater than the total energy has been applied on the pulling out of 
electrons of metals by strong electric fields and the deduction arrived at 
seems to be in accordance with experiments. This probability of escape is ex- 
plained above (Eq. (5’)) by the existence of the surface-electrons. 
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ABSTRACI 


The present paper continues the work on the ionization of the upper atmosphere 
due to the ultraviolet light of the sun, developed in a series of papers in this Journal, 
and takes into account as far as possible the entire meteorology of the upper atmos- 
phere and the effects of recombination, temperature diffusion and the motions of the 
ions and electrons in the gravitational, electric and magnetic fields of the earth. Tables 
are presented of the ion and electron densities over the earth. The ionization at night 
is worked out more completely than was done previously. After sunset as a result of 
temperature diffusion and electric-magnetic drift, the ionized region separates into 
two banks, one with a maximum of ionization at about 110 km and one with a maxi- 
mum at about 140 km. Quantitative agreement is found with the skip distances and 
other phenomena of wireless waves and with various facts of terrestrial magnetism. 


Il. INTRODUCTION 


HE ionization of the upper atmosphere of the earth attributable to the 

ultraviolet light of the sun was worked out ina series of papers,' and was 
shown to be in agreement with that inferred from various facts of terrestrial 
magnetism and of the propagation of radio waves. In calculating the ioniza- 
tion the entire physical meteorology of the high atmosphere was taken into 
account as far as possible as well as the laws of gaseous diffusion, ionic recom- 
bination, electronic attachment, the motions of the ions and electrons under 
the actions of the gravitational, magnetic and electric fields, etc. The tables 
of the ionization which were obtained were not published although glimpses 
of them were given. 

During the past year the tables have been worked over completely with 
more rigor as to certain details and are presented in the following pages. No 
new physical ideas have been added to those which have already been used.! 
In one instance an improvement has been effected (the necessity for this was 
outlined in reference 1, section 21), namely, the combined action of tempera- 
ture diffusion and electric-magnetic drift of the ionization banks at night has 
been worked out more carefully with the result that for the first time a fairly 
satisfactory quantitative agreement is found with the night-time radio wave 
phenomena. 

The notation, definitions, assumptions. etc., of this paper are the same as 
those of reference 1, and to avoid continual restatement of physical ideas and 
equations we shall refer repeatedly to reference 1. 


* Published with the permission of the Navy Department. 
! Hulburt, Phys. Rev. 34, 1167 (1929); 35, 240 (1930); and references therein. 


977 











978 E. O. WULBURT 


Il. TEMPERATURES AND MOLECULAR DENSITIES IN THE HIGH ATMOSPHERE 


It is assumed that the geographic and magnetic axes of the earth coincide 
and are perpendicular to the plane of the ecliptic. Thus our results hold ap- 
proximately for equinoxial conditions but become untrustworthy for solstice 
conditions at high latitudes; the tables therefore cease at latitudes above 60°. 
It is assumed that the temperature 7 of the atmosphere in levels above 50 
km is 400°K, at the subsolar point of the earth, is 220°K at night, and at any 
point of the daylight hemisphere is given by 

T = 220 + 180 cos c, (1) 
where c is the angular distance to the subsolar point. If 6 and W denote, re- 
spectively, the latitude and longitude, or hour angle, measured from equi- 
noxial high noon at the equator, then 

cosc = cos9 cosy. (2) 
Values of 7 calculated from (1) and (2) are given in the third column of Table 
I. The assumption that 7 in the higher levels is constant with altitude is a 
simplifying approximation made in lack of more definite knowledge. It prob- 


TABLE 1. Values of various quantities for the daylight latitudes and longitudes. 


0 T Ss D 1 ¢ E 
noon 0 400°K 150 km 1.8810" 43.8&107* 785 232 
noon 10 397 150 1.93 41.0 680 231 
noon 20 389 149 1.87 30.5 632 265 
noon 305 376 147 1.75 20.3 566 335 
noon 40 358 145 1.60 12.8 484 416 
noon 50 336 137 . ae 7.4 349 440 
noon 60 310 127 1.02 | 330 628 
noon 70° 282 119 0.76 t..7 250 830 
noon 80 251 111 0.45 0.5 72 1150 
noon 90 220 104 
10 A.M. or 2 P.M. 0 376 150 1.52 36.5 841 249 
10 A.M. or 2 P.M. 405 340 136 . 32 10.5 510 438 
10 A.M. or 2 P.M. 60 299 12 0.87 3.1 402 777 
8 A.M. or 4 P.M. 0 310 132 0.68 15.8 1406 413 
8 A.M. or 4 P.M. 40 285 122 0.62 5.0 910 740 
8 A.M. or 4 P.M. 60 267 115 1 


0.45 BS 445 855 


ably is not exactly true, for on general grounds one would expect 7 to vary 
to some extent with the altitude and the variance to be a function of 8 and y. 
In the present paper we have taken 7 to be 400° at high noon, in reference 1 
we used 500°. And, although Maris’ calculations? show that 7 is considerably 
higher during the day than in the night, there is no way of knowing at the 
present time which value is more nearly correct. However, none of our con- 
clusions depend critically on the exact value assumed for 7 at high noon. 

The molecular density » in the high atmosphere at a height 2 cm above sea 
level is given by 

n = Noe~??, 


2 Maris, Terr. Mag. and Atmos. Elec. 33, 233 (1928); 34, 45 (1929). 
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where 

p = mg/kT, (3) 
where g is the acceleration of gravity, k is the Boltzmann constant and m is 
the mass of the average air molecule. With 7 = 360°, 250°, 230° and 220°, re- 
spectively, (3) gives toa close approximation Maris’ molecular density curves? 
for summer day, winter day, summer night and winter night conditions in 
temperate latitudes. From (1) and (3) the m, z curves were drawn for all 
points on the earth; they are not reproduced here. The curves were used 
throughout the ionization calculations with two insignificant exceptions, 
namely: for all temperatures above 360° the n, z curve for 360° was used, this 
being Maris’ summer day curve; for tropical nights the n, z curve for 230° 
was used, this being Maris’ summer night curve. 


3. THE lons DURING THE Day 


It is probable that the ions at the greater heights are mainly atomic ions 
and that the proportion of molecular ions increases with decreasing height. 
This possible change in the mass of the average ion with height was not recog- 
nized in the present calculations, but at all heights the average ion was as- 
sumed to have a mass of 3.83 X10-™ grams which is the average of the mass 
of a nitrogen atomic ion and an oxygen molecular ion. The average ion was 
assumed to be singly charged. The critical level 2. was calculated as in refer- 
ence 1, section 7. 2, is the level where the free path of the ion is about 1/5 of 
the radius of magnetic gyration and is the boundary between the long and 
the short free path ions. Above z, the ionized regions are diamagnetic and the 
ions drift under the magnetic, electric and gravitational fields. Below 2, the 
ions give rise to the ordinary electrical conductivity of an ionized gas. 2, is a 
function of 6 and y, values of z, are given in the fourth column of Table I for 
the daylight hours. At night z,. decreases from about 115 km at the equator to 
100 km at the poles. 

It is assumed that the earth as a whole is approximately electrically 
neutral so that there are no strong electric fields in the high atmosphere 
except the relatively small fields which arise from the motions of the ions 
themselves. The method underlying the ionization calculations was exactly 
that of reference 1, section 8, namely, to assume an ion curve, caused by the 
ultraviolet light of the sun, at the subsolar point 6=yY=0 which in the long 
free path region is that required by Gunn’s diamagnetic theory of the diurnal 
magnetic variation® and which in the short free path region agrees with the 
facts of wireless waves as far as they are known, i.e., the absorption of and 
the apparent heights reached by the waves longer than 100 meters. The 
curve is given in curve 1, Fig. 4, and the values of y the density of ion pairs 
are tabulated in column 2, Table III, for noon at latitude 0°. 

From this curve the y, 2 curves due to the solar ultraviolet radiations 
were calculated at all points of the earth. The calculation fell into two inter- 
dependent parts, one dealing with the short free path ions, the S ions, and 


3 Gunn, Terr. Mag. and Atmos. Elec. 34, 17 (1929). 
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one with the long free path ions, the D ions. The S ions were calculated as in 
reference 1, sections 11 and 34, and from these the electrical conductivity 
a of a 1 cm? vertical column of the S region was calculated. The values of y 
for the S ions are given in Table III for z below z,. The values of o are in 
Table II, these are practically the same as those in Fig. 5, reference 1. 


TABLE II. Electrical conductivity of the upper atmosphere o X10 c.g.s.e.m.u. 


10 a.m. 8 A.M. Mid- 


Latitude noon 2pm. 4PM. 6PM. SpP.M. 10 P.M. night 2 a.m. 4 A.M. 6 A.M. 
0° 144 110 29 8.6 4.3 3.0 ce Py, 1.4 1.2 
10° 139 90 26 8.3 4.1 2.8 2.0 1.6 es i. 
20° 76 52 18 6.3 $.5 ‘a 1.6 t.2 ‘9 0.9 
30° 46 34 10 4.0 2.5 1.6 B.2 1.0 0.86 0.7 
40° 23 18 i 2.4 1.6 1.1 0.8 0.7 0.6 0.5 
50° 13 8.5 2.5 1.6 1.0 0.72 0.54 0.46 0.43 0.36 
60° 4.5 3.0 1.7 1.0 0.6 0.45 0.35 0.32 0.30 0.25 
70° SS 1.0 0.8 0.6 0.3 0.27 0.25 0.21 0.18 0.15 


The long free path ions in the daytime were calculated as in reference 1, 
sections 13 to 16, except that the present case is somewhat more complicated 
because a different ”, z curve is used for each @ and y. The values of y for the 
D ions are given in Table III for s above z,. There resulted from the calcula- 
tion D, i, v, and E; these are given in Table I, which is similar to Table I, 
reference 1. D is the number of ion pairs in a 1 cm? vertical column of the D 
region, 7 and £& are the current and difference of potential, respectively, in 
c.g.s. electromagnetic units in the horizontal direction of a 1 cm? vertical 
column of the D region, and v is the component in the vertical direction of the 
velocity of drift of the D ions due to the action of the electric field E and the 
earth’s magnetic field. v is in the same direction for both positive and nega- 
tive ions and is downward in the daylight hemisphere and upward in the 
night hemisphere. 

The ions in the daylight hours of Table III are given a symmetrical dis- 
tribution on either side of the noon meridian with the maximum at noon. 
Actually this cannot be exactly true, since the maximum is probably half an 
hour or so later than noon, as calculated in reference 1, section 34, and the 
distribution is only approximately symmetrical on either side of the maxi- 
mum. 

4. THE Ions aT NIGHT 


We shall first describe the case for latitude 40° and later take up the case 
of the equator. The y, z curves (or rather logy y) in the daytime for latitude 
40° are plotted in Fig. 1. It is seen that during the afternoon y decreases be- 
cause of the weakening sunlight and the curves sink to lower levels because of 
the cooling and contraction of the atmosphere. After sunset the electrical 
field E, which is westward during the day, reverses to become eastward and 
causes the D ions of both signs to rise with a velocity v. If there were no mag- 
netic field H, or if H were vertical as at the poles, v would not exist and the 
ions would move downward by diffusion due to the random velocities of tem- 
perature agitation (this is the ordinary gaseous or temperature diffusion) to 
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attain, if possible, their equilibrium distribution in the atmosphere; the 
equilibrium distribution obtains when y/n is constant with z. Such equilib- 
rium can, however, never come to pass because the ions are produced mainly 
in levels above 100 km and their destruction by recombination increases 
with decreasing z; hence the ions continually diffuse downward. If the mag- 
netic field 7 were horizontal, as at the equator, there would be no downward 
diffusion of the D ions at night. If 7 is inclined to the vertical, as in temperate 
latitudes, the ion banks are subjected to both influences, they rise with the 
magnetic-electric drift velocity v and slide down along the lines of magnetic 
force with the diffusion velocity v’ resolved along the lines. In general v’ 
increases with z, at the greater heights it is greater than v and at the lower 
heights is less than v. Thus the D ions in the lower levels move up and in the 
higher levels move down to form a bank with the maximum value of y ap- 
proximately at the level z’ where v =v’. 
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Fig. 1. Density y of ion pairs in the daytime, latitude 40°. 
Ata height z the number of ion pairs N which diffuse cm~* sec! downward 
N = 0.41yu(py + dy/dz)/n, (4) 


where y is the mean free path of the ions and u their velocity of temperature 
agitation (reference 1, paragraph 9). Then 


vo’ = (N cosf)/y, (5) 


where ¢ is the angle between H/ and the vertical. At the level where y is a 
maximum dy/dz=0. Putting y =1/2”no? where the molecular diameter ¢ is 
taken to be 310-8 cm and using 7 =220°K, (4) becomes V =0.735 X10" 
y/n. This value in (5) yields 


v’ = (0.735 X 10 cos £)/n. (6) 
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To determine v during the night we turn to Table I and find that E aver- 
aged over the sunlit hemisphere is 335 e.m.u. em~'. As discussed in reference 
1, section 27, the values in the table were obtained by calculating the equilib- 
rium conditions for each slice of the atmosphere along parallels of latitude 
independently of the influence of adjacent slices. Such a procedure is not 
entirely correct because the adjacent slices influence each other, and, to 
make a long story short, the influence is such as to make the value 335 too 
large. We therefore take E to be 250 e.m.u. cm~!. From this the sunset meri- 
dian of the earth is at a potential of about 5000 volts above that of the sun- 
rise meridian. The voltage in the night ) region is of course due to the east- 
ward current flowing in the underlying S region. The values of the conduc- 
tivity decrease all night, see Table II, and therefore, since the total current 
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Fig. 2. Density y of ion pairs at night, latitude 40°. 
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in the S region is constant during the night, E increases all night, being about 
three times as great in the early morning hours as it is in the evening hours. 
Hence v, which is equal to E sin ¢/J/, increases all night. As a simplifying 
approximation we take v to be 250 cm sec.~! from sunset to 10 P.M., to be 
500 cm sec.~! from 10 P.M. until dawn, and to be constant along the meri- 
dians of longitude. Our results do not depend critically on the approximation. 

To find the level where the maximum value of y of the D ion bank is be- 
tween 6 and 10 P.M. we put v’ = 250 cm sec.~! in (6) and get 


n = 2.94 X 10’ cos ¢. (7) 


At 40° latitude ¢=30° 45’ and »=2.51 X10". Whence, from the night m, z 
curve, 2’ is 139 km. After 10 P.M. v’ is 500 cm sec.~' and z’ shifts up 5 km to 
144 km. Therefore the D ions which at 6 P.M. are mainly in the levels from 
z=110 to 135 km, see Fig. 1, move up to assemble in a bank around z= 139 
km. v=250cm sec.~! amounts to 9 km hour™!, so that theions starting from 110 
km reach the bank at about 9 P.M., although their numbers are considerably 
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reduced by recombination during the journey (reference 1, Eq. (17)). Cal- 
culation shows that the supply into the bank from the ascending D ions is 
just about sufficient to maintain y = 1.7 X10° in a bank 10 km thick from 130 
to 140 km against the loss due to recombination of the ions. After about 9 
P.M. the supply due to this source ceases. Since z, is 110 km the ions below 
110 km are S ions and are not subjected to the drift velocity v but remain 
where they are except for the relatively slow temperature diffusion upward 
and downward. Thus the ions separate into two banks. After about 10 P.M. 
the upper bank moves up 5 km. The degredation of y in each bank through 
the night due to the recombination of the ions was calculated from Sir J. J. 
Thomson's formula (reference 1, section 9). The night y, z curves for latitude 
40° are given in Fig. 2. 

The night-time ionization for latitude 60° was calculated in a manner 
similar to that for latitude 40°; the values of y are in Table III. A zero value 
in Table III merely means a small value. 


TABLE III. Jon density y in the upper atmosphere. 








Geographic Latitude 


s 0° 40° 60° 
Noon 200 km 0 0 0 
190 4.7x109 4.0 10° 0 
180 4.7109 4.0109 0 
170 4.7X10° 4.0109 3.110° 
160 4.7109 4.0109 3.1109 
150 4.7109 4.0109 3.1109 
140 7.0105 4.0108 3.1109 
130 2.3X105 1.4105 3.1X10° 
120 9.1107 6.7X10' 5.110 
110 3.6107 2.7 X107 2.3X107 
100 1.410? 1.2107 7.1X10° 
90 5.8108 5.4108 2.7X108 
80 2.110° 1.6106 1.1108 
3 P.M. or9 A.M. 200 km 0 0 0 
190 3.0109 0 0 
180 3.0 10° 2.8109 0 
170 3.0109 2.8109 2.3X10° 
169 3.0109 2.8xX 10° 2.3X10* 
150 3.0 10° 2.8109 2.3109 
140 2.8X108 2.8109 2.3109 
130 1.110% 4.0105 2.3x10* 
120 4.610? 1.0105 1.1108 
110 1.910? 3.4107 3.7107 
100 9.1105 1.210? 1.110? 
90 2.8X 10° 4.5x<10°* 3.1108 
80 1.2105 1.8108 1.0108 
6 P.M. or 6 A.M. 150 km 0 0 0 
140 1.7109 0 0 
135 1.7109 1.7x<10° 1.6 10° 
130 1.7109 1.7109 1.6 10° 
120 1.7X10° 1.7109 1.6 10° 
115 1.7X10° 1.7x<10° 1.6xX10° 
110 5.110? 1.7109 1.6 10° 
100 1.3107 1.910? 1.4107 
90 2.9108 3.9108 3.4 10° 
80 8.0105 8.4105 8.1105 
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TABLE IIT. (Continued). 


z >” 40° 60 


9 PLM. 170 km 0 0 0 
160 1.7109 0 0 
150 1.7109 0 0 
140 0 1.7109 1.6109 
130 0 1.7109 1.6109 
120 0 0 0 
115 5.2107 0 0 
110 2.4107 3.8 X10? 3.310 
100 5.9108 1.0107 9.2108 
90 1.310 2.1108 1.9 10° 
80 3.8K 105 5.1 105 4.6 105 
Midnight 170 km 0 0 0 
160 1.6109 0 0 
150 1.6x<10° 0 0 
145 0 1.2109 1.1*10° 
135 0 1.2x10° 1.1109 
125 0 0 0 
115 3.4107 0 
110 1.6107 2.3107 21x’ 
100 3.6108 ?.3xX 10° 6.5108 
90 8.7 X10 1.8X 10! 1.3108 
80 4.6105 3.7105 3.1105 
3 A.M. 170 km 0 0 0 
160 1.5109 0 0 
150 1.5109 0 (0) 
145 0 1.0109 9.0105 
135 0 1.0109 9.0105 
125 0 0 0 
115 2.410? 0 0 
110 1.0107 1.5x<10' 1.410? 
100 3.1108 5.3108 4.9108 
90) 5.5X10° 1.110° 9.4 10° 
80 1.9 10° 2.8 X 10! 2.2X 10: 








The calculation of the night-time ionization for latitude 0° presents an 
interesting feature. At the equator ¢=90° and from (7) »=0, and from the 
n, 2 curve for a summer night z’ = © ; which means that at the equator where 
I is horizontal the downward diffusion velocity v’ is zero and therefore the 
D ions continue to rise all night with the velocity v. As a matter of fact, this 
does not occur because of the lateral diffusion of the ions. What happens is 
seen in the following way : z’ was calculated for tropical latitudes from # =0° to 
20°. The 2’,6 curve is shown in Fig. 3, its rises sharply to © at @=0, and gives 
the heights where the night D ion banks would be if there were no lateral 
diffusion to the north or south (and if the night were long enough). Such dif- 
fusion, however, occurs, for in a distance of only 0.5° or 55 km (or 30 nautical 
miles) from the equator 2’ drops from its equatorial value © to 173 km. Asa 
result the D ions rise up at night and diffuse to the north and sound along the 
lines of magnetic force in the tropical latitudes from, say, 20° north to 20° 
south to form a bank in the levels from 150 to 160 km. The tropical night 
values of y were then calculated just as in the case of latitude 40° and are 
given in the 0° latitude column of Table III. 
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5. ELECTRONS 
In general the electron density y, increases with z to a maximum value 
y, ata height z,,. For the daylight hours y,, was calculated from the equation 


Ym = 3.15 X 105 cos 0(0.126 sin Y + cosy). (8) 


(8) is the same as (21) of reference 1 with a slight change in the numerical 
constants to conform with the slightly different atmospheric temperatures 
used in the present paper. The night values of y,, were worked out just as for 
the case of the ions at latitude 40° described in the preceding section; it 
seems unnecessary to give the details of the calculations. y,, and 2, are given 
in Table IV. y, above and below y,, can not yet be calculated with certainty. 
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Fig. 3. 2’ asa function of @. 


TABLE IV. Maximum electron density y» in the upper atmosphere. 








40° 60° 








Geographic Latitude 0° 
Sm Iu Su Yu Sm Ym 

Noon 195 km 3.2K10° 195 km 2.4105 175 1.6X10° 
3 P.M. 195 2.5105 195 1.9105 175 1.3105 
6 P.M. 144 1.2105 140 0.9105 140 0.6105 
9 P.M. 165 1.1X10° 145 0.1105 145 0 
Midnight 165 1.0 10° 145 0 145 0 
3 A.M. 165 0.8105 145 0 145 0 
6 A.M. 144 1.0105 140 0.8105 140 0.5105 

2.0105 195 1.5X105 175 1.0 10° 


9 ALM. 195 








6. IONIZATION BY THE ULTRAVIOLET LIGHT OF THE SUN 


Although explicit calculations of the ion and electron banks produced by 
the absorption of the ultraviolet light of the sun in the high atmosphere have 
been made for certain cases,‘ it is important to show that the y, z curve as- 
sumed at 6=yW=0 is the sort of curve which might be caused by the solar 
ultraviolet light. The curve is drawn in curve 1, Fig. 4; it is idealized of 
course, y being taken to be constant with z through the D region in order to 
simplify the problem. Without some such simplification the calculations of 
sections 3 and 4 could hardly even have been attempted. 


‘ Hulburt, Phys. Rev. 31, 1018 (1928). 
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The ions disappear only by recombination, therefore j the total rate of 
loss in a 1 cm? vertical column of the atmosphere is 


oc 
i-f anydz, 
0 


where a is the recombination coefficient. For curve 1, Fig. 4, (7) is 1.110% 
pairs cm~ sec.~! or 1.110" W erg cm~? sec.~', if W is the work of ionization. 
This is the energy necessary to maintain the ion bank and must be supplied 
by the sunlight. For 1’ =1.28 X10" erg, corresponding to 8 volts or 1520A, 
the energy is 141 erg cm~™ sec.~'. The energy in the solar spectrum region 
from 0 to 1520A is about 100 erg cm~? sec.~! calculated on the assumption 
that the sun is a black body at a temperature of 6000°K and taking the solar 
constant to be 1.35 K 10° erg cm~* sec.~!. In this case the solar energy is able 
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Fig. 4. Curve 1 isthe assumed y, s curve for noon at the equator, the other 
curves are theoretical. 


to maintain the ion bank. If the ionization potential is 10 volts, corresponding 
to 1234A the energy required to maintain the bank is 176 erg cm~™ sec.~!, and 
the solar energy from 0 to 1234A is about 4 erg cm~ sec.~!, which is somewhat 
less than that required. On the whole, since the amount of the sun’s energy 
in the far ultraviolet is entirely unknown as well as the exact processes of 
photo-ionization, the calculation supports the view that the solar ultraviolet 
energy is adequate to cause the ionization in the high atmosphere. 

The form of the y, z curve will depend on the absorption coefficients of the 
ionizing wave-lengths of the solar ultraviolet light, on the recombination of 
the ions and on the manner in which the ions move about by temperature 
diffusion and electric-magnetic drift. If J is the energy carried by the ionizing 
wave-lengths outside of the atmosphere and if 8 is the average light absorp- 
tion coefficient of these wave-lengths, the number of ion pairs v (i.e., positive 
and negative ions) produced per cm‘ in the atmosphere at a height z is, for the 
sunlight incident vertically,‘ 


BI 
q = acts, (9) 














a= 
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With 6 =2.63 X10-'* (a reasonable value, reference 4, page 1026) and with 
the summer day value of p=0.872 X10-*, g was calculated from (9); the g, z 
curve is plotted in curve 2, Fig. 4, g being in arbitrary units. 

For a static atmosphere, i.e., no diffusion or drift of the ions, g=any”. 
Substituting in (9) gives 


ay? = a q Ole. (10) 
Ww 

From (10) with a=0.975 X10-* and J/ W =6.83 X10" y was determined, the 
y, curve is plotted in curve 3, Fig. 2. In the S region the electric-magnetic 
drift of the ions does not exist, and calculation shows that, because of the rel- 
atively high values of the molecular density m temperature diffusion is un- 
important compared to g and the recombination loss. Hence, approximately, 
the S region may be regarded as a static atmosphere as far as the y, 2 curve is 
concerned, and therefore curve 3, Fig. 4, is of the type which the ultra- 
violet light would produce in the S region. The curve is similar to curve 1 
below z.. It is seen that by a suitable choice of several values of 8 and of J for 
each 8, and combining the results, the y, z curve of the S ions may be ac- 
counted for. 

In the D region we take into account the electric-magnetic drift of the 
ions and neglect the effect of temperature diffusion; this is a justifiable ap- 
proximation in the lower portion of the D region, but is not so in the upper 
portion and must be allowed for later. Consider an element of the D region 1 
cm square and of thickness dz. The number of ion pairs produced per second 
in the element is gdz; the number which disappear per second by recombina- 
tion is any*dz; the number which leave the lower face of the element is vy, the 
drift velocity v being downward; and the number which enter the upper face 
of the element is v(vy+(dy/dz) dz). Then for a steady state 


q = any*® — vdy/dz. 


Substituting (9) we get 


BI | 
— ne~6"!/P = any? — vdy/dz. (11) 
HW 

We solve (11) by approximate methods. From (3) dy/dz= —pn dy/dn. 


Above 180 km 8n/p is small, less than 0.4, and €~*"/” is approximately unity. 
(11) then becomes approximately 


BI/W = ay* + pody/dn. (12) 


Solving (12), and putting y=0 at n =0, gives 


2) 


-1 
= ([Ba/W)*!? + 1) . (13) 
pv 





o 
e 


2n 
y = (61 at) exp — (IBa/W)'!? — 1 (exp 
po 


With the numerical values used for curves 1, 2 and 3, Fig. 4, the y, z curve 
from (13) was calculated and is given in curve 4, Fig. 4. Curve 4 is the solu- 
tion of (12) approximately valid down to about 180 km. In lower levels 
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€~6"/? is much less than unity and curve 4 is not an approximate solution of 
(11) but yields values of y which are too large. Therefore the curve for (11) 
lies below curve 4. Its maximum, obtained by putting dy/dz=0, lies some- 
where on curve 3. Below the maximum the curve must satisfy the require- 
ment that the total rate of supply of the ions due to the ultraviolet light and 
to the drift of the ions across the maximum equal the rate of loss from recom- 
bination. Above the maximum the total rate of supply from the ultraviolet 
light must equal the loss from recombination and the drift of ions across the 
maximum. At all points on the curve y, z and dy/dz must satisfy (11). These 
conditions are sufficient to enable one to draw the curve with an accuracy of 
at least 15 percent without much trouble. Curve 4+’, Fig. 4, is the curve thus 
obtained and is seen to be not unlike curve 1. Furthermore, the effect of tem- 
perature diffusion is to bring down ions from the levels above 190 km; these 
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Fig. 5. The full line and dotted curves are the values of T D and cos @ cos y, respectively. 


ions will bulge out curve 4’ in levels {rom 170 to 190 km, and make it even 
more like curve 1. On the whole it is concluded that curve 1 is much the sort 
of curve which might reasonably be expected to be produced by the ultra- 
violet light of the sun. 


7. AGREEMENT WITH THE SOLAR DIURNAL VARIATION OF THE 
EARTH’S MAGNETIC FIELD 


The diamagnetic theory,’ which accounted well for the prominent fea- 
tures of the solar diurnal variation of the earth’s magnetism, assumed that the 
diamagnetism of the atmosphere due to the D ions was proportional to cos 
6 cos y. The diamagnetism of the ions is proportional to DT. \WWe have taken 
the y, zg curve at 0@=y=0 such that DT is the value required by the diamag- 
netic theory and have calculated all the other y, z curves without reference to 
the theory. We must now see whether the values of Table III yield a diamag- 
netism in accord with the theory. The values of 7 D, calculated from Table 
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III, are plotted in the full line curves of Fig. 5; cos @ cos y is plotted in the 
dotted line curves. The two sets of curves agree within the tolerance of the 
theory; it should be remembered that they were made to fit at only one point, 
noon at the equator or 6=~=0. Furthermore, the magnetic effects at the 
surface of the earth depend on the distance away of the diamagnetic ion 
bank, and the D ions are closer to the earth for the greater values of @ and y 
than they are for the lesser values. If this were taken into account the T D 
curves would be even closer to the dotted curves than they are in Fig. 5, and 
we conclude that the ionization of Table III is in close accord with the diamag- 
netic theory. 


8. AGREEMENT WITH BAUER’s ANALYSIS 


From a harmonic analysis of the 1922 survey of the permanent magnetic 
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Fig. 6. Curve 1 gives the observed, curve 2 the theoretical, values of AH the horizontal 
component of the portion of the earth's magnetic field of external origin. 


field of the earth Bauer® concluded that a portion is of external origin. His 
values of the horizontal component AJ/ of this portion for various latitudes are 
plotted in curve 1, Fig. 6; the scale of abscissas is in y or 10-5 gauss. From the 
values of 7 of Table I, from the values of ¢ of Table II and from the sunset 
to sunrise difference of potential of about 5000 volts (section 4) the currents 
from pole to pole in the D and S regions of the day and night hemispheres 
were calculated. They were, day D region, 21.2X10° amperes, day S region 
15.9X10° amperes, night D region, 4.6X10° amperes and night S region, 
0.7 X10° amperes; all are eastward except the day S region current which 
is westward. These amount to a current of 5.3X10° amperes flowing east- 
ward around the earth all the time. The distribution of the current den- 
sity with latitude has the shape of curve 2, Fig. 6. The horizontal component 


* Bauer, Terr. Mag. and Atmos. Elec. 28, 1 (1923). 











990 E. O. HULBURT 


of the magnetic field due to this current sheet was calculated from the relation 
AH = 2ri, (14) 


and is plotted in curve 2, Fig. 6. The calculated and observed curves are most 
reliable in tropical latitudes and here they agree well. At high latitudes there 
is some disparity. However, at high latitudes (14) is a poor approximation 
and curve 2 is not trustworthy. The observed curve, too, is not to be trusted 
at high latitudes, for the data on which it was based were meagre. The pro- 
gram of the International Polar Year which begins this year contemplates 
obtaining more complete observations in polar regions which may permit a 
more exact magnetic analysis. 


9. AGREEMENT WITH WIRELEss WAVES 

From the ionization of Tables III and IV the skip distances of wireless 
waves were calculated taking into account the refraction of the waves in both 
the ion and electron banks and were found to agree well with the observed 
values.* The calculated skip distances for a 25 meter wave are given in Fig. 6. 

The height z at which a wireless ray of wave-length X is totally reflected 
(refracted) at normal incidence in the ionization bank is obtained by putting 
the refractive index uw equal to zero in the equation 


pw? = 1 — 2ye*h?/am, (15) 


solving for y and determining z from the y, z curve. For the ion bank y and m 
in (15) are the ionic density and mass, for the electron bank y and m are the 
electronic density and mass and in this case the factor 2 in (15) is omitted. 
In the case of electrons (15) is the dispersion formula for wave propagation 
polarized with the electric vector parallel to the magnetic field; for other states 
of polarization the appropriate dispersion formulas should be used, which are 
however not greatly different from (15) for wireless waves below 50 meters in 
length. For ions (15) is closely valid for all states of polarization of the wireless 
waves. The values of y for total reflection of waves of various wave-lengths are 
marked along the x-axis of Figs. 1 and 2. It is seen, for example, that 150 to 
400 meter waves are turned down at the 100 km level during the day and that 
in the early part of the evening they pierce through the lower layer to be 
reflected (refracted) from the higher level at about 140 km. This agrees with 
the facts except that the observed retardation times indicated night-time 
heights of around 200 km or more.® The difference may reasonably be at- 
tributed to the group velocity retardation which is always present in the ob- 
servations. 

The longest wireless wave \’ which pierces vertically through the atmos- 
phere is determined by setting nu =0 in (15), substituting the maximum value 
of yor y, from Table III or IV for the time of day and the latitude in question 
and solving for \. The values of \’ are given in Table V, and agree roughly 

6 Kenrick and Pickard, Proc. Inst. Rad. Eng. 18, 649 (1930) give a summary of references; 


Appleton and Green, Proc. Roy. Soc. A128, 159 (1930); Mars, Gilliland and Kenrick, Proc. 
Inst. Rad. Eng. 19, 106 (1931). 














IONIZATION IN THE UPPER ATMOSPHERE 991 








TABLE V. 
Latitude 0° 40° 60° 
noon 60 m 68 m 84m 


midnight 103 140 144 


with the values which have been observed.* The agreement is to be expected 
because the \’ relation is a spgcial case of the skip distance relation, namely, 
\’ is the wave for which the skip distance is zero. And the agreement means 
nothing more than that the measurements of \’ checked the predictions from 
the skip distances. 

The limiting wave, defined as the shortest wave which can be used for 
reliable long distance radio communication, was observed‘ by Taylor to be 
about 10.5, 17, 14 and 23 meters for summer noon, summer midnight, winter 
noon and winter midnight, respectively, for temperate latitudes in 1925 
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Fig. 7. Skip distances in miles for a 25 meter radio wave calculated as a func- 
tion of the latitude and the time of day. 


and 1926, an epoch midway between maximum and minimum solar activity. 
The values calculated from Tables III and IV agree within 15 percent with 
the observed values. 

Keeping in mind that the ionization banks of Tables III and IV are neces- 
sarily somewhat idealized and are incomplete in that they do not give the 
electrons which exist below the maxima of the y., 2 curves, it is concluded that 
the ionization accounts for the main facts of the propagation of wireless waves 
over the earth. Further experimental facts may enable the tables to be 
made more complete and, if necessary, to be modified to some extent in vari- 
ous details. Certain modifications are possible without changing any of the 
present calculations. For example, the amount of ionization in the lower por- 
tion of the S region was estimated from rather uncertain experimental data, 
namely, the apparent heights reached by long radio waves. Future observa- 
tions may indicate a greater ionization in these levels than we have put into 
the tables. Such changes would not change perceptibly the values of o of 
Table II or any of the other calculations. 
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10. SUMMARY 


Each cm* of the upper atmosphere is assumed to be approximately elec- 
trically neutral. Above 60 km the ionization is assumed to be caused by the 
ultraviolet light of the sun, below, by cosmic radiation. At any height z km 
above sea-level, denote the numbers per cm of singly-charged positive ions, 
negative ions and electrons by y+, y— and y, respectively. Then y+ =y— 
+y,, and since y, is in general small compared to y—, the values of y+ and 
y— are nearly equal and are each denoted by y; then y also denotes the den- 
sity of ion pairs. Above 60 km the values of y are given in Table III. The elec- 
tron density y, increases with z to a maximum value y,, at a height 2; ¥m 
and z,, are given in Table IV. Above and below the maximum y, can not yet 
be estimated with certainty. The values given for y and y, may perhaps 
be correct within a factor of 2, a zero value merely means a small value. The 
tables are for average equinoxial conditions and solar quiescence at an epoch 
halfway between the periods of maximum and minimum solar activity. The 
values should be increased, and reduced, by roughly 25 percent to refer to 
epochs of maximum and minimum solar activity, respectively. During mag- 
netic storms the ionization is increased, the values being perhaps double those 
in the tables for a severe storm. The ionization in polar regions is probably not 
greatly different from that given for latitude 60°. The seasonal changes in the 
ionization are small at the equator. In temperate latitudes for winter and 
summer use the values for latitudes about 20° higher and lower, respectively, 
in the tables. Below 60 km the ionization due to cosmic radiation is independ- 
ent of the latitude, hour of the day, solar activity, etc., and y is 8X10”, 
1.6 10°, 1.910%, 2.210%, 2.910%, 3.4108 and 3.5 10° at 0, 10, 20, 30, 
40, 50 and 60 km, respectively.’ 


7 Hulburt, Phys. Rev. 37, 1 (1931). 
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ABSTRACT 


§1. It is shown by statistical quantum mechanics that the vapor pressure constant 
of an ammonia molecule whose principal moments of inertia are A, A, and C is 
64 ndm9/2h4 AC? G,; 
= a, ED 
he r rWo 
' : , . , 
at ordinary temperatures; where m is the mass, & is Boltzmann's constant, h is 
Planck's constant, and the D,’s are the gram molecular fractions of the two varieties; 
and where the G,’s and ,wo’s are constants. 





i = log 


§2. The rotational partition functions of ammonia molecules of both varieties are 
evaluated, and G, and G, are found to be equal to 4/3. 

§3 and §4. The spherical oscillatory motion of ammonia molecules in crystal lat- 
tices is investigated by quantum mechanics, and ,we and gwo are shown to be equal to 
4; if the spins of the hydrogen nuclei are taken into consideration but the spin of the 
nitrogen nucleus neglected, which is permissible. 

§5. With the values A =2.79 X107*° and B =5.47 X10-*° CGS units, we find that 
the vapor pressure constant of ammonia, for common logarithms and atmospheres, is 
—1.55. This agrees with the experimental result given by Eucken, — 1.50 +0.04. 

$6 and §7. When the reaction N.+3H2—2NH; proceeds to the left between the 
crystalline phases at the absolute zero, there is an increase in entropy of (9/4) R 
log 3 E.U. 

§8. The value of the constant J’ in the equation for the equilibrium constant in 
the above homogeneous gas reaction is found in accordance with the previous sections 
to be equal to —7.17; which agrees fairly well with Eucken’s experimental value 
—7.04+0.10. 


INTRODUCTION 


i RECENT papers which appeared elsewhere,':*** the author has studied 
the vapor pressures of hydrogen, of chlorine, and of hydrogen chloride. 
The work was an extension of that of R. H. Fowler,® who first investigated, 
theoretically, the vapor pressure of hydrogen made up of the two non-com- 
bining varieties para-hydrogen and ortho-hydrogen. 

It may be shown by using the first and second laws of thermodynamics 
that the vapor pressure p of a substance is given by the expression 


* National Research Fellow. 

1 T. E. Sterne, Proc. Roy. Soc. A130, 367 (1931). 
2 T. E. Sterne, Proc. Roy. Soc. A130, 551 (1931). 
8 T. E. Sterne, Proc. Roy. Soc. A131, 339 (1931). 
‘ T. E. Sterne, Proc. Roy. Soc. A133, 303 (1931). 
® R. H. Fowler, Proc. Roy. Soc. A118, 52 (1928). 
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ie Oe TdT’ et 
log p = — -— + log T + } —— } \(Cp)1 — (Cp)sor |dT” + i. 

R17 R / 0 RT” 7/0 
Here Ao is the work which must be done to evaporate one gram molecule of 
the substance at the absolute zero; R is the gas constant; (C,)o is the constant 
and (C,); is the variable part of the specific heat per gram molecule of the 
vapor at constant pressure; and (C,).o) is the specific heat at constant pres- 
sure of the condensed phase. 7 is a constant called the vapor pressure constant 
of the substance, and since its value depends upon the choice which is made 
of (C,)o, the latter should be specified whenever one states the value of 7. 
At ordinary temperatures, for monatomic gases, (C,)9=5R/ 2: for diatomic 
gases it is 7R/2, and for non-linear polyatomic gases (C,»)o9 =4R. 

The theoretical values for the vapor pressure constants of monatomic 
vapors are also well understood (see, for instance, Fowler’s Statistical Me- 
chanics, Chap. VII) that nothing more will be said about them here. In an 
article which is expected to appear shortly in The Reviews of \lodern Physics 
by Fowler and the author, it is shown that the vapor pressure constant at 
ordinary temperatures of any diatomic vapor at all should be given by the 
expression 


i= YD,i, (1) 
where 
(2a4m,)3!2k7/*827], G, 
i, = log ———_—__————- + log — 
7° rwWo 


Here D, is the gram molecular fraction of the molecules of the 7’th species 
present; m, is the mass of a molecule of the r’th species; k is Boltzmann's 
constant; /: is Plank’s constant; J, is the moment of inertia of a molecule of 
the r’th species; G, is the constant factor which appears before 87°/,k7/ h? 
in the rotational partition function for the r’th species; and ,wo is the number 
of linearly independent wave functions capable of representing a molecule of 
the r’th species when it is in its lowest quantum state in the crystalline phase 
at the absolute zero. This equation is quite general; it can be used to find the 
vapor pressure constant of a substance with a diatomic vapor even if the 
structural units in the crystalline phase are not the same molecules as those 
that exist in the gas, but are groups of molecules, or separate atoms, or even 
atomic ions and electrons. All that one needs to do is always to interpret 
wo as being equal to C!/?,, where C is the number of linearly independent 
wave functions which can represent the crystal of the 7’th species, containing 
in all 2P, atomic nuclei, at the absolute zero. It is shown in the article by 
Fowler and the author, referred to above, that there is in general a satisfactory 
agreement between the observed diatomic vapor pressure constants and 
those calculated by the use of Eq. (1). 

It would be interesting to extend these methods, so as to apply them to 
polyatomic vapors. The simplest type of polyatomic molecule from the point 
of view of our methods of investigation would be the type for which the three 
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moments of inertia A, B, and C about the principal axes were all equal; the 
next simpler type would be that for which two of these moments of inertia, 
A and B say, were equal with C differing from A and B. The vibration-rota- 
tion spectra of both ammonia*’ and methane have been rather completely 
analysed. Since methane molecules are of the former type, while ammonia 
molecules are of the latter type, it might be supposed that it would be simpler 
to commence the study of polyatomic vapors by considering methane. 
The non-combining groups of terms, however, are simpler in the case of am- 
monia than they are in the case of methane; for there are fewer possible 
nuclear and vibrational arrangements in the case of ammonia; and we shail 
therefore proceed in this paper to discuss ammonia first in some detail, in 
order to make it clear in just what fashion the vapor pressure constant arises 
in statistical mechanics, in the case of polyatomic vapors. We shall consider 
the vapor pressure of methane in a subsequent paper. 


$1. THE VAPOR PRESSURE OF AMMONIA 


The ammonia molecule NH; very probably consists of a regular pyramid 
with the nitrogen nucleus at the vertex. There are two varieties of ammonia 
molecules, which should retain their separate identity over fairly long periods 
at ordinary and low temperatures. The first variety is characterized by wave 
functions which are completely symmetrical S(3) in the spins of the three 
hydrogen nuclei, so that the part of a wave function depending upon the spins 
of those nuclei does not change its sign when any two of them are inter- 
changed. The second variety of ammonia molecules is characterised by wave 
functions partly symmetrical S(2+1) and by wave functions partly antisym- 
metrical A(2+1) in the spins of the hydrogen nuclei. Following Dennison,‘ 
we say that there are 4 spin wave functions for the first variety with the sym- 
metry characters a, and 2 degenerate spin wave functions for the second vari- 
ety with the symmetry character (y, 6) each. At ordinary temperatures, or 
after cooling from ordinary temperatures, the two varieties of molecule should 
exist in equal numbers, so that D; = D,=1/2. 

We suppose that the reader is familiar with the methods of enumerating 
wave functions described in chapters II, IV, V, and XXI of Fowler’s Statis- 
tical Mechanics, and in the author’s papers.'* Consider an assembly con- 
taining in all X, molecules of the first variety, and X,2 molecules of the second 
variety. Let there be numbers P,; and P2 of the two varieties in the crystalline 
phase, and N,; and N;2 in the vapor phase. Let the crystalline partition func- 
tion for normal modes of oscillation of the molecules as a whole in the crystal 
lattice be in the form [x(z) ]?:+?2, Then the normal modes of oscillation con- 
tribute to the total number of linearly independent wave functions capable 
of representing the entire assembly a factor equal to the coefficient of 2@ in 
[x(z) |?:+?2, if the total energy of these modes is Q. Let a partition function for 
a molecule of the r’th variety for rotations or spherical oscillations in the 

6 Barker, Phys. Rev. 33, 684 (1929). 

? Badger and Cartwright, Phys. Rev. 33, 692 (1929). 

8 Dennison, Rev. of Mod. Phys. 3, 280 (1931). 
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crystalline phase be f,(z). Then these motions, if their total energy is S, con- 
tribute to the total number of wave functions a factor equal to the coefficient 
of 2° in f1(2)?Pife(s)?9( P+ Pe) !/P,!P2!. Thus the whole crystal, if its energy is 
U, contributes a factor equal to the coefficient of x;?1x2?227 in 


1 1 —_ «(z) [vifi(s) oS xofo(z) |} ° 


We may use the classical approximation, with sufficient accuracy, to the cor- 
rect Einstein-Bose statistics for the vapor. The vapor, if its total energy is F, 
contributes to the total number of linearly independent wave functions 
capable of representing the entire assembly a factor equal to the coefficient 
of x,%ixe%es" in 
exp [ x 1(z) aa x2F (sz) | 
where F,(s) and F2(z) are the partition functions for the two varieties of gas 
molecules. We have of course that V, +P; =X,, and Ne+ P2=X»2. Accordingly 
the entire assembly, if its total energy is E, and if we allow all possible par- 
titions of the molecules between the different phases, can be represented by a 
total number of linearly independent wave functions equal to the coefficient 
of x,*1x_*2s* in 
emi (2) +22F: (2) 

1 -— «(z) [aifi(s) + xofo(z) | 

and hence this number is given by 


1 3 dx\d Xedzetf 1)+2F :@) 
ain (; ) ff [ - SP er ot er er re i 
2ri oF yypXatty Net lghttl 1 — x(z)[xifi(s) + xefe(z)}} 


We find by the usual methods that the mean values 
N, = £,F,(8) (1.2) 


and 


a Ef) (4.3) 
1 — «(6)[E:f1(0) + Eofo(0)]} 7 


Here the parameters &,, &, and @ (=e~'/*") corresponding to the thermody- 
namic partial potentials and to the temperature, respectively, are determined 
by the unique position of the saddle point of the integrand of W, given by the 
vanishing of its three partial differential coefficients. If P,+ Ps is large, then 
we have very nearly 


«(8) [E:f1(9) + Eofo(@)] ~ 1. 


If, further, nearly all of the molecules are in the crystal, then we have, very 
nearly, 


P,:P. = D,: Ds. 
It follows from these equations that 


N, = D,F,(4)/«(0) f,(0). (1.4) 





2 6 ewer mee 
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Making use of the relation pV = NRT where is the pressure, it follows 
that the vapor pressure 


p= LD,p, (1.5) 
1,2 
where 
pr om F,(9)kT/V f-(8)«(9) ; (1 .6) 


which is not the partial pressure of the r’th species, but is the vapor pressure 
of a crystal made up wholly of the r’th sort of molecule. We take as the zero 
of energy the state when all the molecules are in their lowest quantum states, 
in the lattice at the absolute zero and at zero pressure. We suppose the parti- 
tion functions f,(@) to be of the form 


f:(0) = Dw pr 


where ,w; is the number of linearly independent wave functions capable of 
representing the j’th eigenstate of a molecule of the r’th species in the 
crystal, and ,€; is the energy of the state. We denote by C, the specific heat 
per gram molecule at constant pressure of a crystal made up wholly of the 
rth sort of molecules. Then we may readily show® that 


T dT’ i 
{ — C.,dT” = log K(T)f,(T) — log, wo. 
9 RT” 0 


Here R is the gas constant per gram molecule. It follows from this last relation 
and (1.6) if we neglect all but the lowest vibrational levels of the gas mole- 
cules, that 


Xx T dT’ rT 
log pp = — + 4log r — f <— nae 
kT A Re RT” , ; : 
~/f 
(2arm,)*/416(2)!/?4?/24CH? G, 
+ log _——— | + log — 


hé rwo 


very nearly. Here G, is a number which appears as a factor in front of 
16(2)!/*27 2A C!?(RT)3/2/h3 in the rotational partition function for a gas mole- 
cule of the r’th sort, when nuclear spins are taken account of. We shall show 
how this form results for the rotational partition function, and how G, may 
be found, in the next section. The quantity x, which we have taken to be the 
same for all five sorts of molecules (the differences are trivial) is the work 
which must be done on a molecule in the crystal, in a state of zero energy 
defined above, in order to put it in a state of rest, in its lowest quantum state, 
at infinity. 
We can show® that 


log p = log (Dip: + Dope) = D, log pi + De log po (1.8) 
very nearly. Further, we can show by using the complete crystalline partition 


® Sterne, Proc. Roy. Soc. 131, 348 (1931). 
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function that if Cy. is the specific heat at constant pressure of the mixed 
crystal made up of both varieties of ammonia, then 

Csor = DiCi + Dee. 


Hence, from Eqs. (1.7), (1.8), and (1.9), we obtain 


x ; *T dT' i , ' 
log p = — —— i | log 7 — | = | CyidT”’ + i (1.91) 
kT 0 RT’? Jo 
where 
640 5m3/*k4AAC!!? G, 
1 = log — —+ > D, log —- (1.92) 
h® 1,2 0 


The quantity 7 is just the vapor pressure constant of ammonia; when, as 
should be done at ordinary temperatures, the constant part of the specific 
heat at constant pressure of the vapor is assigned the value 4R per gram mole- 
cule. We have neglected the vibrational levels other than the lowest in the 
gas molecules, but by adding to the right-hand member of Eq. (8) a term 


f dT’ i - C ar" 
—-— ( 
J, a7" 3, ~*"" 


where (C,), is the “vibrational”, or variable, part of the specific heat at con- 
> ° . 

stant pressure of the vapor we may take account of the vibrations; and no 

change need be made in the value of 7. : 


§2. THE ROTATIONAL PARTITION FUNCTIONS OF 
FREE AMMONIA MOLECULES 


Two of the moments of inertia of ammonia molecules, A and B, are equal; 
the third moment of inertia about the axis of figure, C, differs from these. The 
energy levels are given by!” 


- “| G+n+(- ~) xe | ‘is 
= —| — j( — — — )K? |, (2.0) 
87? A’ [ A 


where j and K take on positive integral values. The weights of the levels 
appear to be given correctly by Villars.'! For each value of j, K can take on the 
values 0, 1, 2,3, - - - ,7. When K is 0, there are 4(27+-1) linearly independent 
wave functions for ammonia molecules of the first variety; when K is divisible 
by 3 there are 8(2j7+1) linearly independent wave functions for this variety; 
and for all other values of K the weights for the first variety of ammonia mole- 
cules are zero. For ammonia molecules of the second variety, there are 4(2) 
+1) linearly independent wave functions when K is neither 0 nor divisible by 
3. For K =0, or a multiple of 3, the weights for ammonia molecules of the 
second variety are zero. We have of course only considered those complete 


10 Dennison, reference 8. 
1 Villars, Phys. Rev. 38, 1552 (1931); Table IT. 
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wave functions which are antisymmetrical in the hydrogen nuclei, in accord- 
ance with the Pauli exclusion principle. Let us calculate the partition func- 
tions” given by the energy levels (2.0) when we use these statistical weights. 
Let us denote the rotational partition function for the first variety of am- 
monia molecule by R;, and that for the second variety by R:. Then we have 
by the definition of partition functions generally, the above rules for weights, 
and Eq. (2.0), 


a) 


Ry = 4 0 (2j + terorsuty 


~ 


» io) 
+8 De" C-1/A)9n" > (27 + 1)e(@lA iGi+1) 


n=1 j=3n (2.1) 
and 
a) ss 
R. = 4 dew! C—1/A)(14+3n)* >. (27 + jem 0/A)3(7+1) 
n=0 j=1+3n (2.2) 


x x 
‘it Dene (hlC-1 1A) (2+8n)° p (2j + 1)e- A)iG+1) | 
n=O j=2+3n 


where o =h*,/ 87°kT. We wish to evaluate these sums for the case of ordinary 
and high temperatures, for which both ¢/A and @/C are small. C is of the 
same order of magnitude as A, but larger. To evaluate these sums approxi- 
mately, and at the same time obtain some idea of the order of magnitude of 
the errors in the resulting approximate expressions, we proceed thus. 


To evaluate the first sum, we make use of the following relations: 


; 1/2 
2(2j + el KH ow oo en (oA) o( (=) ) 
l 


o o 
(2.3) 
A\"2 | 
; ine a | 
- <() ' 
and 
20 A _ 
>> (2; + fe /AFG41) = — er (o/A(I4D) 4 o[(2l +1)e-(o/A t+) | 
° (2.4) 


A\W? 
ifl= (=) — }, 
20 


To show this we have only to compare the series with the corresponding inte- 
gral 


| (27 oF 1)e—@/A iG+D dj, 


l 


® These partition functions seem to be calculated incorrectly by Villars, reference 11. 
The expressions (19) and (20) in his article, which differ from those derived here by the author, 
do not have the correct limiting forms at high temperatures. It is for this reason that the calcu- 
lations in the text above are given in considerable detail. 
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It is easy to show, if necessary by breaking up the sum and the integral into 
two parts at the maximum of the integrand which is then monotonic in each 
part, that they differ at most by a term of the order of the largest term occur- 
ring in the series. We have, also, 


x 


Cc t/2 ; 2x 
Die MVC“ V Ayn Bu (ane e/a = ( ) coc 44 e“dx + O(1); 


l oO 3ie 1/24 (eC jl 2/94 
which is true since the series is one made up of decreasing positive terms; so 
that the integral differs at most from the series by the first term of the series 
which is of the order of unity. Hence 


# 1/2 aC og 1/2 oC 1/2 
= ( ) 1 +0 Es *+0( ) +0 ) + Q(1). (2.5) 
a A? * A? 


We have, too, that the series of increasing terms 


Dieratie-tiayan® = O((AC/o(C — .1))"!) (2.6) 
where 
lg ™ (A 2a)! 2 
and that the series 


2 


ye eCU/C—L/ADOM'(Gyg 4 Je —te/43nleetl) = O(C/e). (2.7) 


ny 


Substituting Eqs. (2.3), (2.4), (2.5), (2.6), and (2.7) in Eq. (2.1) we find for 
R,, if we remember that A and C are of the same order or magnitude, 


4 AC"? 
R, = —(n)'- <a 11 + Ol(o/A)!/2] + terms of higher order in (o/A){. (2.8) 
d e" 


In similar fashion we can show that 


4 ACt? 
R, = —(r)"/? ~}1 + O[(¢/A)”2] + terms of higher order in [o/A)}. (2.9) 
vane 
Pe) ial 
It is conceivable that methods similar to those used by Mulholland" and 
Sutherland" could be used instead of ours to derive these results, and to give 
in addition, exactly, the higher terms in the asymptotic expansions; but for 
the present we must be content with our results, which give what should be 
the correct limiting forms at high temperatures 
4 16(2)'/2p7/24C1/2R38/2 73/2 
Ry ~ — ———_—_—-———_ (2.91) 
3 h’ 


18 Mulholland, Proc. Camb. Phil. Soc. 24, 280 (1928). 
“4 Sutherland, Proc. Camb. Phil. Soc. 26, 402 (1930). 
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and 
4 16(2)*/297/24C1/2 23/2 73/2 


3 h' 


Ry: 





(2.92) 


These limiting values are in precisely the same form as the rotational parti- 
tion function given by Fowler when A = 8B, except for the numerical factor 
4/3 which was introduced by the symmetry properties of the wave functions. 
Fowler probably derived his expression from the older quantum mechanics; 
for the notion of a “symmetry factor” such as the o which appears in Fowler’s 
equation, a notion which was in use at the time when he wrote his book, has 
since been replaced by the notion of non-combining sets of terms obeying the 
Pauli exclusion principle. 

From Eqs. (2.91) and (2.92) we see that G; and G, for ammonia are both 
4/3; and further, since the ratio at ordinary or high temperatures between 
R, and R: is unity, we see that both sorts of ammonia molecules are present in 
equal numbers in ammonia gas which has rested for a long time at ordinary 
or high temperatures. 

We must now determine the values of jw» and ow». 


$3. THE SPHERICAL OsCILLATORY MOTION OF AMMONIA 
MOLECULES IN CRYSTALLINE AMMONIA 


If we make a calculation for crystalline ammonia similar to that made for 
the case of chlorine by the writer,’ it appears that at the absolute zero ammo- 
nia molecules should “oscillate”, rather than “rotate”, about orientations of 
minimum potential energy in the crystal lattice. From the low temperature 
thermal measurements of Eucken and Karwat" the specific heat of the crys- 
talline phase appears to be 5 calories per gram molecule at a temperature of 
about 76°K; from which one may deduce that hvo/k is equal to about 230°K; 
and if one takes the moment of inertia in this calculation to be equal to about 
3X10-* CGS units, one finds V» to be equal to approximately 3.7 X10-“ 
ergs. Taking the combined heat of transition and fusion as 1426 calories per 
gram molecule, we find that Vo is equal to about 20 X10-™ ergs. In neither 
case should rotation occur until temperatures of the order of 500°K have been 
reached. The methods of considering the motion of the molecules of ammonia, 
used above, were developed by Pauling” and the author? to apply to diatomic 
molecules, but the considerations of later portions of this section will make it 
obvious that the same methods may be used to investigate roughly the be- 
havior of polyatomic molecules as well. \We may therefore study the spherical 
oscillatory motion of a molecule of ammonia in the crystal lattice, with a 
fair assurance that this is the type of motion approximated to by molecules of 
ammonia in the crystalline lattice at very low temperatures. 

We may treat the problem by a perturbation method. We take the origin, 


% Fowler, “Statistical Mechanics”, p. 146, Eq. (442). 
1% Eucken and Karwat, Zeits. f. phys. Chem. 112, 478 (1924). 
17 L. Pauling, Phys. Rev. 36, 430 (1930). 
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0, at the mass center of the molecule; and fixed orthogonal axes OY, OY, OZ 
such that the orientation of minimum potential energy for the ammonia mole- 
cule corresponds to the presence of a nitrogen nucleus at the point (0, 0, a); 


and of hydrogen nuclei at the points (— 20(3)!* 


> 


3,0, —c), (0(3)' 7/3, —b, —c), 
and (b(3)' */ 3, b, —c). We have of course that 3c =sa, where s is the ratio of 
the mass of a nitrogen nucleus to that of a hydrogen nucleus (we neglect the 
trivial mass of the electrons). Let us investigate the forms of the potential and 
kinetic energies of the molecule, regarded as rigid, for small displacements of 
the molecule from this orientation of minimum potential energy. We may 
specify the displacement by the small rotations x, y, and s of the molecule 
about the axes OX, OY, and OZ respectively. Let the moments of inertia of the 
molecule about these axes, when it is in its orientation of minimum potential 
energy, be A, A, and C respectively; the moments of inertia about the axes 
OX and OY of course being equal. Then the kinetic energy of the motion 
relative to the center of mass will be, very nearly, for small displacements, 


4 C 
r=—@ + 9) + 


t?- 


or in terms of the angular momenta p,, p,, and p.z, 


1 1 
in ¥ (ps? + py*) + 3c p:*. 
We may regard the potential energy V of the molecule, for small displace- 
ments from the orientation of minimum potential energy, to be capable of 
expression in the form A(q:°?+ q:?+ q;3")+ Bq plus higher powers in the q’s. 
Here A and B are constants; and q:, gz, and g; are the distances of the three 
hydrogen nuclei, and gq; the distance of the nitrogen nucleus, from the respec- 
tive positions of the nuclei when the molecule is in its position of minimum 
potential energy. In terms of the small rotations, this expression becomes 


V = A[(2b? + 3c?)(x? + y?) + 4b?s?| + a? B(x? + y?) 
+ terms of higher order in the x's, y’s, and 2’s, 


so that the Hamiltonian 


1 1 
H = head + py?) + = p22 + [A(20? + 3c?) + Ba®][x? + y?] 


+ +Ab*z* + terms of higher order in the .’s, y’s, and 2's. 


Consider now the plane passing through the vertex of the pyramidal mole- 
cule, parallel to the base, when the molecule is in its orientation of minimum 
potential energy. Take a set of axes O’X’, O’Y’ in this plane, with the origin 
at the vertex of the pyramid, and parallel to the axes OX, OY respectively. 
Denote the coordinates relative to these new axes of the projection P’ upon 
the invariable plane of the vertex of the displaced pyramid by £ and 7; 
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so that £=ay and n= —ax, very nearly. Imagine a lamina, of mass A/a*, and 
whose center of mass is P’, to move in the invariable plane; and let its mo- 
ment of inertia about an axis through P’ normal to the invariable plane be C. 
Let the angular displacement of this lamina from its orientation @=O in the 
plane be denoted by @, and let @ =z. Then the position of the lamina is com- 
pletely specified by the coordinates &, 7, 8; and these coordinates also serve to 
specify the position of the molecule. And finally, if the lamina moves in a 
field of force of potential energy 
A 
ne [(n? + £2)(2b? + 3c) + 4a2b°6? | + Ble + n?| 


a’ 


then we may regard the exact motion of the molecule as being completely 
specified by the motion of the lamina, when the latter is suitably perturbed. 
The unperturbed motion of the lamina is given by the Hamiltonian 


a* 1 A 
i’ = - (pe? + p,”) + mal + —(2b? + se) |e + °?] + 4Ab°e. 
od 2 a“ 


The perturbation terms, given by H/— H’, are all small for small displacements 
of the molecule from its orientation of minimum potential energy. 

Let us consider the unperturbed motion of the lamina. The Hamiltonian 
H’ is separable in the coordinates £, n, and 6. The wave functions of the un- 
perturbed system can therefore be expressed in the form 


V = n,(E)Wno(0)n, (9) 


where the y’s are the usual wave functions for the linear harmonic oscillator; 
and the energy levels of the unperturbed system are given by the expression 


E= hvo(ny, + +) + hvo(ne + +) + hv3(m3 + s), (3.0) 


where the 2’s may have any positive integral values, including zero. Here h is 
Planck’s constant; 


vo = (2[A(2b? + 3c?) + Ba®]/A)'/2/2r, 


and 
v; = b6(8A/C)!/2/2x. 


We thus see that the lowest energy level of the molecule, for spherical os- 
cillations, is obtained by setting all of the n’s in Eq. (3.0) equal to zero; and 
further that this energy level can be represented by only a single linearly in- 
dependent wave function. When we take account of the perturbation terms in 
the Hamiltonian, the lowest energy level retains its nondegenerate character 
but is perhaps somewhat displaced. The higher levels corresponding to values 
of m, and m2 greater than zero will be displaced also, but may in addition be 
separated; since they are degenerate. It is easy to see that these displace- 
ments and separations must be very small. For in the case of “oscillation” 
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the wave functions will be trivially small except for values of &, 7, and @ very 
nearly equal to zero; and for these small values of the variables the perturba- 
tion terms are very small. Accordingly the energy levels when the perturba- 
tion terms are taken account of are not appreciably different in this case of 
oscillation from the values given by Eq. (3.0), and we shall not undertake to 
give here an accurate analysis of the amounts of the changes in energy caused 
by the perturbation terms in the Hamiltonian. 

An inspection of the potential energy functions which we have used here, 
and a comparison of them with such expressions as V9 (1 —3 cos @) shows that 
the methods of Pauling and the author, employed in the beginning of this 
section to find out whether ammonia molecules were rotating or oscillating in 
the crystalline phase at very low temperatures, may be used for this purpose; 
although the methods were developed originally only so as to be applicable to 
the motions of diatomic molecules. 


$4. Tue VALUES OF Wo AND OF oo 


Since the spin of the nitrogen nucleus contributes the same factor to both 
numerator and denominator of G,/ wo, we may neglect it in these calculations. 
Consider now the motion of the ammonia molecule when it is in the state of 
spherical oscillation for which 1, 2, and m3 are all equal to zero, in which all 
the normal modes of nuclear oscillation are in their lowest quantum states, 
and in which the molecule is in its lowest electronic state. We must take ac- 
count of the spins of the hydrogen nuclei. The wave functions in these spins 
alone are eight in number; there are + spin wave functions of symmetry 
character a and 2 wave functions of symmetry character (y, 5) each. To find 
the number of wave functions for the spherical and nuclear oscillations with 
the various symmetry characters we may consider all of the different sorts of 
oscillations together. In the lowest state of oscillation there are then six lin- 
early independent wave functions when symmetry properties are neglected 
altogether; we may denote these six linearly independent vibrational wave 
functions by the following six diagrams: 


2 3 
A, A, A, 
; ! 2 
A, im, mm 


Here the numbers denote the hydrogen nuclei, and the lines indicate the di- 
rections in which the hydrogen nuclei must lie, in the base of the pyramidal 
molecule, if the molecule is to be in its position of minimum potential energy. 
Thus the upper left figure in the diagram denotes that wave function for which 
there is a considerable probability of finding the three atoms close to the posi- 
tions indicated in the figure by the numbers, with but a very small probability 
of finding them in the positions indicated in the figure below it, for instance. 
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We have made the plausible assumption that there is only one position and 
not two positions for the nitrogen nucleus, when the molecule is in its orienta- 
tion of minimum potential energy. When we take linear combinations of the 
above wave functions, we find that there are two wave functions with the 
symmetry character (y, 5) each, one with the character a, and one with the 
character 8 (antisymmetrical in all three hydrogen nuclei). There are still six 
linearly independent wave functions, as there should be. If the molecule had 
been free to rotate instead of being in a field of force in a crystal, we should 
have found but two linearly independent wave functions instead of six, for the 
vibrations. 

Taking account of both spins and vibrations, we wish to find the number 
of linearly independent complete wave functions, antisymmetrical in the 
hydrogen nuclei, and capable of representing the ammonia molecule in its 
lowest vibrational state in the crystal lattice. It follows from the above enu- 
merations and the rules for combining the factors of the complete wave func- 
tions given by Dennison,* that there are eight of these linearly independent 
complete wave functions with the symmetry character 6 in the hydrogen 
nuclei; and of these + represent ammonia molecules of the first variety and 4 
represent ammonia molecules of the second variety. We have thus found 
that wo =» = +4. 


$5. THE VAPOR PRESSURE CONSTANT OF AMMONIA 


From §2 and §4 we find that the second term in the right hand member of 
Eq. (1.92) is equal to log 1/3. We can now calculate 7’, the vapor pressure 
constant when pressures are expressed in atmospheres and logarithms are 
taken to the base 10, by the use of Eq. (1.92). With sufficient accuracy, we 
take the molecular weight of ammonia to be 17. Following Giauque, Blue, and 
Overstreet'® we take A =B=2.79X10-*® CGS units, and C=5.47x10-* 
CGS units. We find that the vapor pressure constant of ammonia at ordinary 
temperatures should be 


i =— 1, 


cn 
nm 


This is in satisfactory agreement with the experimental result given by 
Eucken", 7’ = —1.50+.04. 


$6. THE ENTROPY OF CRYSTALLINE AMMONIA AT THE AB- 
SOLUTE ZERO OF TEMPERATURE 


Taking account of the nuclear spin (4/27) of nitrogen, the number of 
linearly independent wave functions which can represent a gram molecule of 
crystalline-ammonia at the absolute zero”® if the molecules oscillate in the 
crystalline phase is 


18 Giauque, Blue, and Overstreet, Phys. Rev. 38, 196 (1931), who take these values from 
the work of Badger and Cartwright, Phys. Rev. 33, 692 (1929), and from the Raman spectral 
study of Dickinson, Dillon, and Rosetti, Phys. Rev. 34, 582 (1929). 

19 Eucken, Phys. Zeits. 31, 361 (1930). 

20 To understand the sense in which the writer uses the expression “entropy at the absolute 
zero” the reader is referred to the footnote in the author’s paper on the vapor pressure constant 
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C = 128/242 /2N1/(N/2)(N/2)! 


and thus the entropy of a gram molecule of crystalline ammonia at the ab- 
solute zero, if we use Stirling’s asymptotic expression for factorials and neglect 
trivial terms, is by the principles of statistical mechanics 


Sy = klogC = R log 24; 


where N is the number of molecules in a gram molecule, and where R is the 
gas constant. 


$7. THE CHANGE OF ENTROPY ACCOMPANYING THE REACTION 
Ne+3He@2NH; BETWEEN THE CRYSTALLINE PHASES 
AT THE ABSOLUTE ZERO 


The entropy of a gram molecule of crystalline ammonia at the absolute 
zero has just been calculated; the entropy of a gram molecule of hydrogen! 
is R log 4+2R log 3, and the entropy of a gram molecule of nitrogen calcu- 
lated in the same fashion is 2R log 3. Accordingly, when a gram molecule of 
nitrogen in the crystalline phase at the absolute zero reacts with three gram 
molecules of hydrogen at the absolute zero in the crystalline phase and yields 
two gram molecules of ammonia in the crystalline phase at the absolute zero, 
the decrease in entropy is (9/4) R log 3. 


$8. THE CONSTANT IN THE EQUATION FOR THE 
EQUILIBRIUM CONSTANT 


If K, is the equilibrium constant in a homogeneous gas reaction, then™ 


, (Op)o 1 ; _ 
log K, = log Tepe} — — 4 "s Lani »')o log 7 
‘er 7 ar 
[sen Daca" + 1. 
0 RT” 0 t 


In this equation qg; is the number of gram molecules of the ¢’th species react- 
ing, with a negative sign for those that disappear when the reaction takes 
place, and ; is the partial pressure of the ?’th species. (Q,)o is the work which 
must be done to make the reaction go in this sense at constant pressure at the 
absolute zero, and (C,‘)» and (C,‘): are the constant and variable parts of the 
specific heat at constant pressure of the ?’th species. J is a constant of integra- 
tion which is not to be confused in this section with the use of J, in previous 
sections, to denote moments of inertia. Then it is shown in the article which 
should appear shortly in the Reviews of Modern Physics by Fowler and the 
author that 





of chlorine, reference 3, on page 352 of that paper; to §4 in the author’s paper on the vapors of 
hydrogen and hydrogen chloride, reference 4; and to the article which should appear shortly in 
the Reviews of Modern Physics by R. H. Fowler and the author. 

21 R. H. Fowler, “Statistical Mechanics”, §7.2. 
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| 
I’ = > erie’ + ASo 
t 


R log 10 


if atmospheres and common logarithms are used; where AS» is the change in 
entropy when the reaction proceeds forwards at the absolute zero between the 
crystalline phases, and where the 72’’s are the chemical constants which we have 
investigated in this and other papers. 

We have shown that for the reaction Ne+3H:—2NHs;, ASo is equal to 
9/4 R log 3; and the theoretical 7’’s are for ammonia —1.55; for nitrogen 
(this will be shown in the article by Fowler and the author referred to above) 
—0.18; and for hydrogen! — 3.72. Accordingly we should have for this reac- 
tion 


I’ = — 7.17. 


The value given by Eucken,” found experimentally, is J’=—7.04+.10; 
which is in fairly satisfactory agreement with our predicted result. 

The author wishes to express his appreciation for the interest taken in his 
work by Professors E. C. Kemble and J. C. Slater. He also wishes to thank 
the National Research Council for a grant which enabled these investigations 
to be carried out. 


2 Eucken, Phys. Zeits. 30, 818 (1929). 
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SOME THERMAL PROPERTIES OF TANTALUM 


By C. L. UrtTeERBACK AND L. A. SANDERMAN 
UNIVERSITY OF WASHINGTON, SEATTLE 


(Received January 29, 1932) 


ABSTRACT 
Measurements have been made on the total radiation from very pure, well 
seasoned tantalum from 1000°K to 2220°K. A spectral temperature scale, \=0.667x, 
is given up to 2100°K. The variation of the resistance of tantalum has been measured 
up to 2600°K and the thermoelectric power of tantalum with pure platinum has been 
measured up to 692°K. 


TOTAL RADIATION 


HE total radiation from tantalum was measured by using, as a radiator, 
a wedge shaped piece of the metal as described by Mendenhall.'! The V- 
shaped wedge was formed from a tantalum ribbon which was 0.035 cm thick. 
It was 3.5 cm long, 1 cm wide, and had an opening of 6 degrees. The arrange- 
ment of the apparatus used and the method of making observations on radia- 
tion have been sufficiently described by one of us* that further description is 
unnecessary. The tantalum used in the experiments here described contained 
less than 0.2 percent carbon. 
Measurements of total radiation were made on five samples of the metal. 
The results are shown in Fig. 1. 
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Fig. 1. Logarithmic plot of energy against temperature. 


From 1000°K to 2200°K the curve is a straight line. The total emission 
of energy may be represented by an equation of the form 


E = cT* (1) 


in which the value of ” is constant and equal to 4.72 over the range studied. 
This is not in agreement with the results of Worthing,’ who finds the value of 
n to be a constant and equal to 4.80 from 1600°K to 2800°K. 


1 C, E. Mendenhall, Astrophys. J. 33, 91 (1911). 

2 C. L. Utterback, Phys. Rev. 34, 785 (1929). 

3 A. G. Worthing, Phys. Rev. 28, 190 (1926). 
1008 
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Worthing’s value of 4.80, for n, however, did not result from a direct ob- 
servation of the rate of emission of energy and of the temperature. His value 
of n is dependent upon his value of the spectral emissivity of tantalum and 
that in turn is determined by the manner in which the spectral emissivity 
curve is located.‘ In discussing his value of (7/E)(dE/dT), Worthing sug- 
gests, since it does not tend toward the theoretical value of 4, with increasing 
7, that some error might exist in the location of his curve. If such error exists, 
it will, of course, affect the value of (7/E)(dE/dT), as well as the dependence 
of (T/E)(dE/dT) on T. In our measurements of total radiation the true 
temperature of the radiator was directly observed by means of an optical 
pyrometer, calibrated against a black body held at the palladium point, 
sighted in the opening of the V-shaped wedge. A decrease of (7/E)(dE/dT) 
with increasing 7 has not been found to exist with other metals,’ except at 
transformation points where (7/E)(dE/d7) changes abruptly, nor do the 


present authors find any change in this quantity for tantalum up to 2200°K 
TEMPERATURE SCALE, \=0.667u 


Wedge shaped filaments of the same dimensions as described above were 
used for determining the temperature scale. The apparatus for the total radia- 
tion experiments had been provided with two windows at right angles to each 





















































60 > ___| — 
-_— — | ne 
40! —_| | - dentate 
Zo | | at | 
| | | | | TLIPERAT: | | 
7200 7400 7600 7800 200 BIO" 


Fig. 2. Tantalum temperature scale, \ = .6674. Curve 1 is drawn from the results given 
by Worthing. Curve 2 is from those of the present authors. 


other so that it could also be used for these measurements. Temperature 
readings were taken, simultaneously, on the outside face of the V, through 
one of the windows and in the opening of the wedge through the other. The sur- 
face of the metal filament was carefully polished before placing it in the vac- 
uum chamber. It was heated very gradually to incandescence by means of 
storage batteries. A two stage diffusion pump backed by an oil pump was 
kept running during the preliminary heating and while making observations. 
During the observations the filaments showed no pitting. They maintained 
a good polish during the measurements. 

In Fig. 2 the true temperature 7 is plotted against 7-S, where S is the 
black body temperature of the tantalum. A comparison of curves 1 and 2 


‘A. G. Worthing, Phys. Rev. 28, 174 (1926). 
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shows a small difference between our values of 7-S and those obtained by 
Worthing.‘ This difference is slightly greater around 1300°K and 2100°K than 
at intermediate temperatures. The scale shown by curve 2 is in better agree- 
ment with Worthing’s scale for tantalum than it is with Mendenhall and 
Forsythe’s® scale or with McCauley’s® scale. In an excellent comparison of 
tantalum temperature scales, determined before 1926, Worthing suggests 
that the scale of Mendenhall and Forsythe and the scale of McCauley might 
be questioned on the ground of lack of “blackness” of the V-shaped wedges 
used by these experimenters. However, in the present work wedges, with a 
slightly smaller opening than the ones used by Mendenhall and Forsythe, 
were used with very consistent results which are not greatly different from 
those of Worthing. It is our experience that open wedge shaped radiators of 
sufficiently small openings give considerably more consistent and reproduc- 
ible results than the methods used by Worthing in the determination of the 
spectral emissivity. 


TEMPERATURE COEFFICIENT OF RESISTANCE 


A filament in the form of a No. 24 tantalum wire, of the same purity as the 
metal used in the wedges, was used for the resistance measurements. The 
wire, 10 cm long, was mounted in a lamp by means of tungsten seals. Two 
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Fig. 3. Variation of the resistance of tantalum with temperature. 


potential leads, of No. 36 tantalum wire, of the same purity as the filament, 
were welded to the filament 3 cm apart. These were connected, through tungs- 
ten seals, to a Leeds and Northrup type K potentiometer. The wire was heat- 
ed by means of storage batteries. The resistance between the potential leads 
was computed from the current and potential readings. The lamp was evac- 
uated by means of a two stage diffusion pump backed by an oil pump. The 
pressure in the lamp was maintained at a low value, never exceeding 10-* mm 
of mercury. The filament was very free from pits and maintained an exceed- 
ingly good polish throughout the observation. The black body temperature of 
the wire was measured, at several points along the wire, with the optical py- 
rometers and the true temperature computed by means of the tantalum tem- 
perature scale previously determined. The results are given in Fig. 3. 


5 C, E. Mendenhall and W. E. Forsythe, Astrophys. J. 37, 380 (1913). 
6 C, B. McCauley, Astrophys J. 37, 164 (1913). 
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The variation in temperature with resistance is fairly well represented by 
the equation 


Rr = Rioool[1 + a(T — 1000) ] (2) 


for values of 7 from 1000°K to 2600°K, where a has the value 81.5 -10-. 
\Vorthing’s® data are not sufficient to compare his result with this as his meas- 
urements do not extend to temperatures lower than 1600°K. However, if his 
values of resistivity be extrapolated to 1000°K, anda calculated from his data 
its value is about 79 - 10-5. \Worthing’s measurements on resistivity were made 
up to 2800°K. He used the same type of lamp, with potential leads from the 
filament, as was used by the present writers. It was our experience that the 
lamps begin to blacken a noticeable amount at 2600°K, due to the evaporation 
of the tantalum and for that reason temperatures higher than this were meas- 
ured with considerable uncertainty. 

In Fig. 3 the dotted line shows the behavior of the resistance before the 
filament was well seasoned. Each sample of tantalum used in the experiments 
was heated to 2200°K before measurements were made. All of the filaments 
mounted in lamps showed an irregular change in resistance between the tem- 
peratures of 1700°K and 2200°K before heating to 2200°K. This irregular 
change in resistance was accompanied by mechanical changes in the wire. An 
irregular twisting and bending of the wire between supports occurred if the 
filament was mounted, as it was in some lamps, in the form of a loop or a 
double loop. 


THERMOELECTRIC POWER 


A piece of seasoned No. 30 tantalum wire was welded to a piece of No. 32 
platinum wire and the thermal e.m.f.’s measured at the following tempera- 
tures: 19.2°C, 165.2°C, 232°C, 269°C and 419.4°C. The e.m.f.’s at these tem- 
peratures were 80, 230, 570, 700 and 1710 microvolts respectively. These 
values when plotted gave a curve which is represented well by the equation 


logio E=A logio ¢ + B (3) 


in which the value of A is 2.06 and that of B is —2.16 when E was expressed 
in microvolts and ¢ in degrees centigrade. This gives a value for dE/dT which 
varies almost linearly with the temperature. 

We extend our thanks for Dr. K. Newbury for aid in making observations. 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may 


be secured by addressing them to this department. Closing dates for this depart- 


ment are, for the first issue of the month, the twenty-eighth of the preceding 
month; for the second issue, the thirteenth of the month. The Board of Editors 
does not hold itself responsible for the opinions expressed by the correspondents. 


Accurate Determination of Excitation Energy by Electron Impact 


Science Abstracts 4193, 1931, calls atten- 
tion to a somewhat inaccessible paper by 
Whiddington and Roberts! on the accurate 
determination of excitation energy by elec- 
tron impacts in helium “with a degree of pre- 
In the table 
given in the abstract the observed values dif- 


cision not hitherto obtained”. 


fer from those calculated from spectroscopic 
data by from two to five times the stated prob- 
able error, being always higher. This might 
well be interpreted as significant. 

In view of this fact it is unfortunate that 
the agreement between observed and calcu- 
lated values did not receive greater stress in a 
recent paper by the writer.2 The excitation 
losses suffered by electrons scattered inelas- 
tically in the forward direction were measured 
by means of an electrostatic analyzer. Al- 
though the experiment yielded values for the 
energies corresponding to the first two excita- 
tion losses in helium, neon, and argon as 
shown in the published curves, only the values 
for the principal losses were discussed in the 
text. The second losses can be determined 
with almost the accuracy of the first by meas- 
uring the voltage difference between the corre- 
sponding peaks in the energy distribution 
curves. The results are summarized in the 
table. 

In the designation of the losses in neon and 
argon, Paschen’s notation has been used for 
the upper terms to avoid unwarranted theo 
retical implications. The argon 1'So—2ps loss 
corresponding to Hertz’s 13.0 volt excitation 


TABLE I. A comparison between observed and 
calculated values for excitation energy losses 
(in volts). 


Differ- 


Observed Calc. 
Gas Transition value value ence 
He 11S —2!P 24 43 21.11 +0.02 
He 1sS—3'P 23.02 22.97 +0.05 
Ne = 1'Sp—154 16.64 16.59 +0.05 


(16.6)* +0.04 
3 18.48 +0 .05 
(18.5)* +0.03 


nm 


Ne US)—2p, 18. 


A 1'So— 15,4 4.33 11.56 —0.03 
(11.5)* +0.03 


A 13.88 (13.9)* —0.02 





* Hertz'’s excitation potential values (see 
Franck and Jordan, “Anregung von Quanten- 
spriingen durch Stosse”, p. 162). 


potential was not sufficiently probable to be 
definitely located, and the correct designation 
for the 13.9 volt loss is not obvious. 

The agreement throughout is as good as 
could be expected with this type of measure- 
ment, and the conclusion is that no significant 
deviation from the spectroscopic values for 
excitation losses has been detected. 

L. C. Van ATTA 

Palmer Physical Laboratory, 

Princeton, New Jersey, 
February 15, 1932. 


1! Whiddington and Roberts, Leeds Phil- 
osoph. and Lit. Soc. Proc. 2, 201 (1931). 
2 Van Atta, Phys. Rev. 38, 876 (1931). 


Evaporation of Platinum in Vacuum from a Tungsten Filament 


Platinum may be evaporated in vacuum at 
temperatures below the fusion or evaporation 
temperatures of tungsten. This rhakes possi- 
ble the substitution of the evaporation tech- 


1012 


nique! for sputtering. Previous attempts to 
evaporate platinum were unsuccessful be- 


1R.S. 1. 2, 189 (1931). 
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cause it was not possible to heat it efficiently 
when a small piece was simply laid in a tung- 
sten coiled filament. The evaporation is, how- 
ever, easily effected when platinum is electro- 
deposited onto the tungsten filament. The 
citric acid platinum plating solution used near 
100°C is satisfactory for this electro-deposi- 
tion. Best evaporated deposits are obtained 
when the work is shielded from the hot tung- 
sten filament until after the fusion tempera- 
ture of platinum has been attained. For the 
conservation of platinum the filament may be 
inclosed in a box made from tungsten foil. A 
window in this box allows the evaporation to 
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be restricted as desired. The platinum deposit 
on the walls of the box may be dissolved in hot 
aqua regia or if a copper box is used the plati- 
num may be peeled off in the form of a thin 
foil. 

Mirrors, interferometer plates, fibers, etc., 
may be coated with platinum by this tech- 
nique with less trouble and better results than 
by sputtering. 

JOHN STRONG 

National Research Fellow, 

California Institute of Technology, 
Pasadena, California. 
February 23, 1932. 


Far Ultraviolet Eigenfrequencies of the Alkali Halides 


The following preliminary experiments on 
the proper frequencies of absorption by the 
lattices of the alkali halides in the far ultra- 
violet have recently been carried out by the 
author. 

A normal incidence vacuum spectrograph, 
having a concave speculum grating of one 
meter radius with a dispersion of 17 A.U. per 
millimeter, and a “hot spark” for a light 
source, was used. This apparatus, when using 
tungsten electrodes and oiled films, gave spec- 
tra to about 375A.U. 

A. H. Phund (Phys. Rev. 32, 39 (1928)), by 
a reflection method was the first to find an 
eigenfrequeny in the ultraviolet for NaCl and 
KCl. These frequencies were found to be in 
the 1600A.U. region, as had been predicted 
by Herzfeld and Wolf (Handbuch der Physik. 
Vol. XX). 

In an extention of this work, it has been 
found troublesome to prepare very thin films, 
which besides being transparent to the region 
in question are at the same time mechanically 
strong enough to form a backing for the salt 
under investigation. The necessity of a thin 
transparent support for the distilled halide 
is obviated by vaporizing the salt onto the 
ruled surface of the grating. This is accom- 
plished by distilling the salt from a conical 
platinum spiral supported in the vacuum spec- 
trograph about ten centimeters from the 
grating and just far enough to one side to be 
out of the light path. Successive thin layers 
of the salt are vaporized, in this way, onto the 
grating, while an exposure is made for each 
thickness. Justification for distilling the salt 
on the grating is found in the observation that 
a very thin layer of methyl analine violet on 
polished speculum shows the characteristic 


purple transmission of the dye, while a very 
thick film shows the characteristic green me- 
talic reflection. 

The results show: 

1. That for the very thinest salt film on the 
grating there is a slight general enhancement 
of the entire spectrum from about 1000A.U. 
to 2000 A.U. while the continuous absorption 
becomes apparent at about 400A.U. 

2. That for the next thickness of salt, the 
sharp absorption minimum clearly reveals it- 
self in the 1600A.U. region, while the absorp- 
tion near 400A.U. broadens, extending to 
longer wave-lengths. 

3. That with still increasing salt thickness 
the minimum around 1600A.U. which is due 
to absorption disappears, while the reflection 
maximum comes out rather intensely with a 
noticeable shift to longer wave-lengths. 

4. That there is no separate absorption 
band at 900A.U. This band was thought to 
exist as a characteristic of the complete libera- 
tion of the extra electron of the negative ion 
from the crystal lattice. 

The present work has been concerned 
chiefly with sodium chloride. Experiments are 
now in progress on the ‘remaining alkali 
halides. These measurements will be checked 
by studying the absorption of the same salts 
when they are distilled onto very thin trans- 
parent supporting films, so that the true 
eigenfrequencies for all these substances may 
be determined. 

At the present, the author wishes to stress 
the value of using this method, i.e., the dis- 
tillation of the salt onto the grating, as a help- 
ful exploratory means of investigation for 
similar work in the far ultraviolet. At the 
present early stage of the experiments, it is 
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not possible to say whether or not a disper 
sional phase change at the interface of grating 
and salt, increasing roughness, and other com- 
plications, may be affecting the accuracy of 
our results. 


THE EDITOR 


ALBERT SMITH 
Rowland Hall, 
Department of Physics, 
Johns Hopkins University, 
February 23, 1932. 


Determination of Small Quantities of Radon and Thoron 


In the measurement, by the alpha ray 
method, of less than 2X 107" curies of radon, 
the limit of precision is imposed by the small 
statistical variations in the background of re- 
sidual ionization due to cosmic and local radi- 
ation. Thus in the excellent work of Paneth 
and Koeck! a mean deviation of 3 percent in 
the background would introduce an uncer- 
tainty of 50 percent in the measurement of 
10-* curies of radon. 

The laws of probability indicate that the 
mean deviation in the background is between 
1 and 4 percent for a one hour reading on an 
ionization chamber of 1.5 liters volume. This 
is confirmed by measurements on the appara- 
tus outlined below. 

The circuit used is common in other 
branches of physics, but, to the writer's 
knowledge, has not heretofore been used for 
the determination of small quantities of radon 
or thoron, although it is well adapted to this 
field. It consists of two ionization chambers, 
identically constructed, both containing the 
same background gas (air, COs, or other), but 


only one containing the radon or thoron to be 
measured. A string electrometer is perma- 
nently connected to measure only the differ- 
ence in the ionization in the two chambers. 
Hence, within the statistical variations of the 
background and the radon or thoron, the 
readings are proportional to the quantity of 
emanation present. Errors such as those due 
to contact potentials, stray x-radiation, vari- 
ations of battery voltage, or movement of 
radioactive material in the vicinity of the ap- 
paratus are also eliminated. 

This compensation method is used by the 
writer to measure the radon and thoron liber- 
ated from rocks directly heated in a special 
graphite furnace, without the use of a carbon- 
ate flux, as has heretofore been usual. 

Ros.tey D. Evans 

California Institute of Technology 

Physics Department, 
February 23, 1932. 


1 Paneth and Koeck, Zeits. f. Physik. 
Chem. Bodenstein Festband, 1931. p. 145. 


The Velocity of Sound in a Fermi-Dirac or Einstein-Bose Ideal Gas 


In connection with a study of the hydro- 
dynamics, viscosity and heat conduction of a 
Fermi-Dirac or Einstein-Bose gas, generaliz- 
ing the methods of Lorentz, Enskog and others, 
we have noticed the following simple conse- 
quences of the virial theorem: 

po = 3Exin (1) 
where v is the specific volume and E,in is the 
kinetic energy per unit mass. We shall con- 
sider only gases which consist of point-mole- 
cules, so that Exin is also the total energye. 
The results we obtain will be valid, like Eq. 
(1), for all statistics and in all degrees of de- 
generation. They are perhaps not generally 
known, and to our knowledge do not appear 
in the literature. 

An immediate thermodynamic consequence 
of (1) is, that for an adiabatic change: 


ev?/3 = const. (2) 


This equation follows also from the fact that 
for an adiabatic change the number of mole- 


cules n; in the different translational energy 
levels «; does not change, and that the « are 
inversely proportional to v/§, Therefore 
e= Leni is inversely proportional to v*/%, 
From (1) and (2) follows that the equation 
of the adiabatic is always: 
pv/3 = const. (3) 
For no degeneration, that is, when the equa- 
tion of state becomes the Boyle-Gay Lussac 
law, this reduces to the well-known expression, 
because in this limiting case cp/c,=5/3 for 
point molecules. 
A second thermodynamic consequence of 
Eq. (1) is that « must have the form: 
5 ay... Ty2!3 4 
eal yt ) (4) 
where M is the molecular weight. This fol- 
lows from the general equation: 


(5), -°+ *Gr), 
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Substituting Eq. (1), and introducing W’ as 
new dependent variable, one obtains for VV’ 
the partial differential equation: 


(~~) a (=) 
alr 3 » \aT/, 
of which the general solution is, that W is an 


arbitrary function of Tv*’*. From (4) and (2) 
follows, that for an adiabatic change also: 


Tv?! = const. (5) 


Thus W itself is an adiabatic invariant. 
Perhaps the most remarkable consequence 
of these equations is, that the velocity of 
sound (neglecting heat conduction and viscos- 
ity) in a gas of point molecules for all statis- 
tics and for all degrees of degeneration is 


) (6) 


given by: 
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when p is the density. This result follows im- 
mediately from the general formula: 
“, 
( = 
dp / adiab. 
and Eq. (3). We were led to Eq. (6), when we 
observed that the derivation of the equation 
for the velocity of sound from the hydro- 
dynamical equations in first approximation 
does not require the introduction of the equa- 
tion of state. One uses only the virial theorem 
(1). In the case of no degeneration, that is for 
large values of y= Tv?/8, W approaches unity. 
Then, and only then, the velocity C becomes a 
function of the temperature alone. 
G. E. UHLENBECK 
E. A. UEHLING 
Department of Physics, 
University of Michigan, 
February 25, 1932. 


Excited Electronic States of Li. 


The writer has recently made a Heitler- 
London calculation of those states of Li: 
which dissociate into a 2?S atom and a 2?P 
atom.! Of these eight states there are only 
two, namely 'SA¥ and 41S‘, which can make 
transitions to the ground state and hence are 
readily amenable to observation. Both are 
known to be attractive and their molecular 
constants have been accurately determined.? 
In the above calculation the 1S state is 
found to be repulsive, in definite qualitative 
disagreement with experiment. The purpose of 
this note is to describe a revision of the calcu- 
lations for this state. 

Using the notation of the previous paper, 
one can choose two-electron product functions 
WV; for the present case in such a way that the 
energy expressions for the states of various 
symmetries are of the same form as those 
found previously, and one then finds: 


Hy’ = J(pp; ss); Ha’ = J'(sp; sp); 


Nini = es Noy = Sas; 
H3;' = J'(pp; ss); Ha’ = J(sp; ps) 
Na = Sppiss; Na = 0. 


One would expect to obtain qualitative re- 
sults by taking for the atomic p function sim- 
ply the s function with a suitable surface har- 
monic affixed.’ If this is done one can easily 
obtain the energies, since the needed integrals 
have already been tabulated. The '=A%, 
1rS¥ 3yS% and 31S* curves all come out 


markedly attractive, and the “1A has a 
slight minimum far out. The other states are 
repulsive, and the *=A* shows erratic be- 
havior similar to that shown in the case of 
Be: by *=S%. The !ZA% has heat of dissocia- 
tion 1.29 volts and internuclear distance 2.55A 
in good agreement with the experimental 
values? of 1.25 volts and 3.13A. For the 
41.5% we compare calculated values with read- 
ings from a curve drawn from the experi- 
mental results, and obtain (a=«xR, x=1.26): 


a= 3 4 i 
(E—E>)/x {cale. 0.196 0.083 0.036 
\obs. +0.010 

6 7 s 9 10 
0.0186 0.0124 0.0111 0.0102 0.0097 

—0.021—0.027 —0.024 —0.017 —0.013 


There is complete disagreement between the 
two curves. 

The revision of the calculation consists in 
the use of a more accurate atomic 2p function 


1 See end of article by Furry and Bartlett, 
Phys. Rev. 39, 210 (1932). This paper must be 
seen for notation used here. Symmetry desig- 
nations for = states are in sense of correction 
at end, not of body of paper. 

? Loomis and Nusbaum, Phys. Rev. 38, 
1447 (1931). 

’ Assumption tacitly made in previous ar- 
ticle (reference 1). Its success here for the 
1yA% state tends to justify its use for E states 
of Bes. 
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obtained from the variation method. Follow- 
ing Guillemin and Zener,‘ we take for the 1s 


', y=s—(5/16), and 
—5, 


wave function 1;,=c’e~’ 
for the 2p functions c2r”*e 
-§r sing et '®, where 5 and n* are para- 


cos @ and 
cr"*—le 
meters subject to variation. In the notation 
of Guillemin and Zener the energy expression 
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accuracy. The remaining contribution to 
j(11;ss) was computed from a table of A,, 
B,, 


j (s1;s1)© a few w,(m, n, aw) were obtained for 
suitable arguments by graphical interpolation 


and 
made up for fractional arguments. For 


of certain functions of their logarithms. The 


? 


integrals with superscript 2 are so small that 


is we can regard them as unchanged. We then 
E— Epa de? —Z5o2+2kys!?— hes! have the values given in Table I. 
TABLE I 

~ «R=a= 3 £+ 5 6 7 8 9 10 
7 S,?= 0.8670 0.7720 0.6761 0.5778 0.4853 0.4014 0.32609 0.2621 
J(ll; ss) x = 0.1702 0.0616 0.0212 0.0049 —0.0002 --0.0017 —0.0016 —0.0013 
J(sl;ls)/x = 0.0594 0.0518 0.0448 0.0368 0.0302 0.0244 0.0196 0.0157 
J'(sl; sl) ‘x= 0.0530 0.0434 0.0327 0.0239 0.0168 0.0110 0.0071 0.0045 
{ J’(Ul; ss) 
—j' (Ul; ss) | /x 

=—0.1557 —( 0.0329 


, one obtains: 


é= 0.51 0.52 
E-E,= —0.25533 —0.25547 
$= 0.53 0.54 
E-E,= —0.25543 —0.25522 
The minimum is not far from 6=0.525. The 


adjustment of n* is more difficult, since k22" 
cannot be written in closed form for non- 
integral values of m*. For nearly integral 
values a careful use of approximation meth- 
ods gives ample accuracy, and for 6=0.525 
one obtains: 
n*= 1.9 2.0 2.5 

E-E, = —0.25536 —0.25547 —0.25422 
The minimum occurs at a value of n* quite 
near to, but slightly less than, 2. The result is 
exactly like that found by Guillemin and 
Zener for the 2s function. One must take 
n*=2 to make the molecular calculations 
feasible. 

The experimental value of the energy of the 
2?P state is —0.261. Thus the discrepancy is 
about 0.006Rh, which is the same error as 
found by Guillemin and Zener for the ground 
state. There is good agreement of 6 with 
(—(E—Ex))"?, and the values found are al- 
most equal to the hydrogenic ones, i.e., * =2, 
6=0.5. 

Writing 6=«x’/2, we have «’=1.05, which 
is just 5/6 of the value of « in the s function. 
The integrals needed for the calculation of the 
II states are S,,"%, I(/1), I'(11), j(11;ss), 
j(styls), j'(sljs1), j’U1;ss). Of these S),"/2, 
(11), I'(11), j(s1;1s), and the large contribu- 
tion to j(//;ss) are the same in form as in the 
previous work,! but require changes in scale 
to allow for the new exponential in the p func- 


.1572 


—0.1155 —0.0796 —0.0521 
tion. Graphical interpolation gave sufficient 

The values of J(J1;ss) x, J(sl;1s)/«, and 
J'(s1;s1)/« for the larger values of a do not 
differ much from those obtained with «’=x. 
The curve for | J'(11;ss)—j'(11;ss){ x, how- 
ever, lies appreciably lower. Thus if j’(// ;ss)“ 
were smaller than its value for «’=« we might 
get agreement with experiment. Being much 
harder to compute than the other integrels, 
7’ (11 ;ss) 
points. Since these show the curve for 'ILS* 


was calculated first at only two 


to be definitely repulsive, further calculation 
is not needed. 

The integral j’(//;ss)\°’ must be evaluated 
in terms of the quantities //(m, ”, a;, a2) de- 
scribed by Zener and Guillemin.’ The com- 
putation of these functions for a: #a; is quite 
laborious. It was found convenient to calcu- 
late j'(11;ss) at the values a=6 and a=9.6.5 

a= 6 9.6 
JU; ss)/x 0.1109 0.0259 
Then at a=6, J'(/1;ss)/«= —0.0448, and at 
a=10, J’(11;ss)/«=—0.013 approximately. 
One finds for the energy 
a= 6 10 
MIS’ /k= 0.0153 0.006 


These values are somewhat lower than the re- 
sults of the preliminary calculation with x’ =x, 
but the curve is still decidedly repulsive. 
Thus it is shown that a straightforward ap- 
plication of the simple Heitler-London method 


4 Zeits. f. Physik 61, 199 (1930). 

® Phys. Rev. 34, 999 (1929). 

§ | wish to thank Mr. C. E. Ireland for plac- 
ing at my disposal numerical results which 
aided in calculating the integral at these 
points. 
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cannot give qualitatively correct results for 
the ILS” state of Lis. For an adequate theory 
of the electronic states of molecules we must 
look to the development of other methods, 


7 Hylleraas, Zeits. f. Physik 71, 739 (1931). 
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that recently introduced by Hylleraas’ being 
perhaps the most promising. 


WENDELL H. Furry 
University of Illinois, 
February 25, 1932. 


Relative Abundance of the Isotopes of Lead in Uranium Bearing Minerals 


+ According to Kopfermann! the spins of the 
isotopes of lead descended from uranium 
(206), actinium (207), and thorium (208) are 
respectively 0, 3, 0. This is in agreement with 
the results obtained by us in the visible as well 
as in the ultraviolet. We have obtained Lum- 
mer® patterns on the same photographic plate 
showing the relative positions of the h.f.s. 
components of ordinary nonradioactive lead 
and of the single lines due to the 206 isotope. 
In this way the component which must be 
ascribed to this isotope in the pattern of ordi- 
nary lead can be definitely identified. Accept- 
ing Kopfermann’s conclusion about the spin 
of 208 and Aston’'s* estimates of the relative 
abundances of the isotopes, the strongest com- 
ponent of the patterns observed by us for non- 
radioactive must be ascribed to the 
Thorium lead isotope. 


lead 


Strong exposure to the Paschen lamp source 
used for uranium lead brought out also some 
of the components of the 207 and perhaps the 
208 isotopes. The effect was particularly 
marked for the 4244.99A line of Pb II because 
this line may be brought out strongly without 
reversal. For it the component due to 208 does 


'H. Kopfermann, Naturwiss. 19, 400 
(1931); 19, 675 (1931). 

? Kindly loaned to us by Professor R. W 
Wood. 


3 F. W. Aston, Nature 120, 224 (1927). 


not appear on our plates even though the ex- 
posure was sufficiently strong to make the 207 
components as heavy as in the comparison 
pattern for nonradioactive lead taken side by 
side on the same plate. 

This shows conclusively that the ratio of 
the contents of the 207 to the 208 isotopes is 
much larger in the uranium bearing minerals 
(obtained from Belgian Congo) than in ordi- 
nary lead. The trace of 207 cannot be due 
therefore to contamination. This result is in 
agreement with Aston's‘ observation of the 
relative abundance of the isotopes of lead 
separated by C. S. Piggott from uranium bear- 
ing Norwegian briéggerite. The sources of the 
minerals as well as the methods used being 
different from those employed by Aston, it ap- 
pears that the association of the actinium de- 
cay product with that of the uranium series 
may be universal and that the relative abun- 
dance of the isotopes may be estimated with 
ease by hyperfine structure observations. 

J. L. Rose 
L. P. GRANATH 
Department of Physics, 
New York University, 
University Heights, 
New York, N. Y., 
February 26, 1932. 


*F. W. Aston, Nature 123, 313 (1929). 
~. Rutherford, Nature 123, 313 (1929). 


Thermomagnetic e.m.f.’s in Transversely and Longitudinally Magnetized Wires 


Recently C. W. Heaps! in referring to an 
article by Willaim H. Ross,? has pointed out 
that, in addition to the thermo-junctions 
formed by the transversely and longitudinally 
magnetized parts of the wire used in Ross’ ex- 
periment, there will also be present junctions 
of magnetized and unmagnetized material 
where the two long ends of the wire extend 
from the region between the poles of the mag- 
net into the region outside which is practi- 
cally unmagnetized. He also pointed out that 


'C. W. Heaps, Phys. Rev. 38, 1391, 1931). 
? William H. Ross, Phys. Rev. 38, 179, (1932). 


Ross’ results were partly due to these addi- 
tional junctions which would be at different 
temperatures due to the conduction of heat 
along the wires. 

From experiments performed in this labora- 
tory it has been found that the effect of these 
two additional junctions may be considerable. 
The three set-ups shown in Fig. 1 were used: 
(a) This is the same type of arrangement as 
that used by Ross. A wire, bent in a U shape, 
is placed in a magnetic field so that the length 
between the two bends is longitudinally mag- 
netized and the leads extending away from 
the magnet are transversely magnetized. The 
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bends are kept at different temperatures des- 
ignated by H, hot, and C, cold, Fig. 1. (b) A 
single wire is placed between the poles of a 
magnet and at right angles to the field, so that 
the part of the wire lying in the field is mag- 
netized while the ends extending away from 
the magnet are practically unmagnetized. A 
temperature difference was maintained at the 
junctions between the magnetized and un- 
magnetized parts of the wire. (c) This is simi- 
lar to (b) except that the wire is longitudin- 
ally magnetized. For this set-up pole pieces 
with holes bored through them were used. 


= 

ia) 
ow — 
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Referring now to (a), we can readily see 
that in addition to the e.m.f. due to the longi- 
tudinally and transversely magnetized junc- 
tions, there will be an e.m.f. due to the mag- 
A and B 


Fig. 1, which may be comparatively large 


netized-unmagnetized junctions at 


since the length of wire from /7 to A and C to 
B is small. 

In taking the data in the above experiments 
two readings were observed for each tabu- 
lated e.m.f. The first was taken without a 
magnetic field; the second with a field present. 


When no magnetic field is present the e.m.f. 








Fig. 1. 


Data were taken for nickel, iron and per- 
malloy for all three set-ups, and the curves ob- 
tained by plotting e.m.f. with field strength 
for each specimen were different for each ar- 
rangement. 

In (b) and (c) Fig. 1 it was found that when 
the points which were maintained at the tem- 
peratures H and C, were moved away from 
the magnet the e.m.f. was decreased. This, of 
course, was to be expected since the tempera- 
ture difference at the magnetized and unmag- 
netized junctions is then less. However, a 
considerable amount of e.m.f. is still present 
even when these points are moved some dis- 
tance away from the magnet. For example, 
when the points H and C were each 20 cm 
away from the edges of the magnet, the e.m.f. 
was found to be about one-eighth as great as 
that produced when H and C are as shown in 
(b) and (c), i.e., close to the magnet. 


observed is that due to the Thomson effect in 
the wire. The e.m.f. tabulated was taken as 
the difference between the first and second 
readings. It is to be noticed that Ross’ curve 
for iron shows an e.m.f. of 100X107, volts at 
zero field. This leads us to believe that he did 
not subtract the initial Thomson e.m.f. in his 
readings, and that his curve does not repre- 
sent a purely thermomagnetic e.m.f. On the 
other hand his curve for nickel begins at zero 
e.m.f. for zero field. This leaves us at a loss as 
to the interpretation of his results. 

Quantitative results for the above experi- 
ments will be published later. 


ROLAND SCHAFFERT 
Department of Physics, 
University of Cincinnati, 
February 26, 1932. 


Solid Solutions of Lead and Tin in Bismuth 


In two recent notes! Goetz and Fock have 
given some of the results and conclusions 
from their investigations on the magnetic 
properties of single crystals of bismuth and 
its alloys with lead and tin. In the latter com- 


munication it is stated concerning an alloy 
containing 3 percent tin that “... the x-ray 

1 Goetz and Fock, Phys. Rev. 38, 1569, 
(1931); Science. 74, 603, (1932). 
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analysis of such crystals does not show any 
difference from the normal Bi-crystal”, and 
another statement of similar character also 
appears later on. The difference in the atomic 
radii of these metal atoms caused us to sus- 
pect that these statements were but approxi- 
mations and the following measurements were 
made to discover if there were any discernable 
changes in the lattice parameters. 


Materials 


Bi from Merck with maximum impurities 
totalling 0.046 including 0.01 percent each of 


TABLE 
Bi 
Hexagonal axes a 4.5353 =0.0005 
Hexagonal axes c 11.836 =0.001 
Hexagonal axes a/¢ 2.610 
Rhombohedral axes a 4.735 =0.001 
Rhombohedral axes a §7°13.7' =0.5’ 








of Pb, Ag and S; Pb from Merck, maximum 
impurities of heavy metals 0.10 percent; Sn 
from J. T. Baker containing 0.01 percent Pb. 
Alloys of bismuth containing 1 percent and 
10 percent Pb and 1 percent and 10 percent 
Sn respectively, were made by melting weighed 
quantities of the metals in sealed, evacuated 
glass tubes. The ingots were annealed for 
seven days at 116°C and filings from each an- 
nealed for the same period and temperature 
also in evacuated tubes. The filings were 
quenched from this temperature. 


X-ray Apparatus 


Seeman-Bohlin cameras of the construction 
devised by Phragmen.? These cameras are 
calibrated empirically against NaCl taking 
the lattice constant for this substance 5.628A. 
The measurements resulting in the values re- 
ported below were all taken in the cameras 
recording the most deviated reflections which 
in these cases give a separation of the Ka doub- 


(119) a, 35.1mm ae 
Sn (119) @ 35.1mm 


Pure Bi 
10% 


let (Fe radiation) of about 1.8 mm for the out- 
ermost reflections used. 

The values in Table I were obtained from 
measurements of the last seven Ka doublets. 
The deviations are the most probable errors of 
our measurements and not absolute errors. 
They are therefore not necessarily valid cri- 


TABLE 


we we 
mu 
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teria for comparison with the measurements 
of other workers. However, the agreement be- 
tween the lattice dimensions of bismuth sum- 
marized by Ewald and Hermann® and those 
reported above is entirely satisfactory. 

The differences observed in the dimensions 
of the hexagonal unit are, in our opinion, sig- 
nificant. The nature of the transformation to 
rhombohedral axes is such as to minimize these 
difference and hence the discussion following 
will refer only to the larger unit. It seems safe 
to say there is a slight but measurable change 
in the bismuth lattice when the saturated 


I. 
10% Pb 10% Sn 
4.5331 =0.0003 4.5300 =0 .0006 
11.848 =0.006 11.850 =0.004 
2.614 2.616 
4.738 =0.002 4.737 =0.002 
5 7.4’ =1.3’ 


7°9 .6/=1.6' 57 
solutions of Pb or Sn in this metal are formed. 
The most striking fact in the above table is 
that the a axis decreases and the ¢ axis in- 
creases which would therefore increase the 
anisotropy of the metal. This fact is possibly 
of importance in connection with the mag- 
netic anisotropy discussed by Goetz and Fock. 
In complex structures of this sort the spacing 
of some planes is influenced much more than 
others. The effect of solid solution on the bis- 
muth lattice could be seen very strikingly in 
the reflections from the 119 and 220 planes. 
Direct film measurements for the a-doublets 
in Table II. 
It will be seen that the two lines closest to 
gether a2 (119) and a, (220) are separated by 
only 0.3 mm in pure Bi but by 0.7 mm in the 
alloy. The line width over this portion of the 


for these planes are as shown 


film is about 0.2 mm for intense lines and each 
of the four lines was clearly separated from its 
similar behavior 
noted with 10 percent Pb. On the films of 


nearest neighbor. A was 


Il. 
.6 (220) ay) 35.9 ae 36.5 


37.0 


S (220) 36.4 

* Phragmen, a description of these cameras 
is given by Westgren. Trans. American Inst. 
of Min. and Met. Eng'rs., Inst. Metals Div. 
1931, p. 13. 

3 Ewald and Hermann, “Structurbericht 
1913-1928,” Acak, Verlagsges, Leipzig 1931, 
p. 58. 
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alloys containing 1 percent of the solute ele- 
ment apparently most or all of this shift had 
taken place so that the solid solution range 
cannot be very extensive in either case. On 
the other hand, these lines showed no meas- 
ureable change in their relative positions com- 
pared with pure Bi on films obtained from 
alloys of Bi with Mg and Bi with Si. 

It was somewhat surprising that both Sn 
and Pb which have respectively smaller and 
larger atomic radii than Bi should both affect 
the Bi lattice in the same way. The volumes 
of the unit hexagonal prisms are Bi 210.83 
=0.07A Bi-Pb 210.85=0.11 and _ Bi-Sn 
210.58=0.07. The decrease in the volume in 
the Bi-Sn case seems significant and in the 
right direction. The Bi-Pb results are incon- 
clusive. 

These results are presented for their in- 
terest in connection with the problem of the 
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magnetic properties of these substances but it 
is by no means even suggested that the slight 
variations observed in the lattice constants 
can account for the whole of the variations in 
the magnetic properties. The results given 
above have been obtained on alloys sufficiently 
high in solute concentration to insure having 
the solid solution phase saturated. Variations 
within the solid solution range cannot be 
measured with the means at present avilable. 
A new camera of considerably greater resolu- 
tion and, it is hoped, greater accuracy, is in 
construction and it is planned to investigate 
this part of the problem at a later date. 
Eric R. JETTE 
FRANK FOOTE 
School of Mines, 
Columbia University, 
New York, N. Y., 
March 2, 1932. 


The Infrared and Raman Spectra of CS, 


In a recent note entitled “A new long wave- 
length absorption band of CS.” Dennison and 
Wright! have arrived at the conclusion that 


the fundamental frequencies »;, v2 and vs; of 


the CS. molecule are respectively given as 
655.5, 396.8 and 1523. Of these three, », rep- 
resents a symmetric mode of oscillation and is 
observed only in the Raman effect while v2 
and v3 respectively arise from a transverse and 
a longitudinal motion of the central carbon 
atom and give rise to intense infrared absorp- 
tion. These authors interpret the Raman line 
795.0 as a harmonic of v2. In this connection I 
should like to draw attention to two earlier 
communications? by me regarding the sub- 
ject. Two very faint bands were recorded in 
the Raman spectrum of this substance having 
approximate frequency shifts 412 and 1577. 
More reliable measurements on better photo- 
graphs recently obtained show these fre- 
quencies to be 400 +5 and 1500 + 20, and en- 
able them to be identified as v2 and »; re- 
spectively. It was also pointed out that the 
Raman lines 655.5 and 795.0 are both strongly 
polarized and to about the same extent (80 
percent). More recent observations on the 
other hand indicate the Raman line at 400 to 
be practically unpolarized while the one at 
1500 is partially polarized. The observed 
facts that 795 is inactive in infrared absorp- 
tion, and strongly polarized in scattering, 
while v2 is intensely active in absorption and 
unpolarized in scattering do not appear easy 
to reconcile with the view that one is a har- 
monic of the other. It is evident from the 


facts that the two modes of oscillations of the 
molecule represented by the Raman lines 
655.5 and 795.0 are very similar to each other. 
Designating the latter by the symbol »,’, we 
may offer the following scheme for identifying 
the observed infrared absorptions. 











Frequency 
(calculated) 


Frequency 
(observed) 


Identification 








Ve 396.8 

Vi 655 5 

vy,’ 795.0 

V3 1523 

¥3—V} 878 867.5 
v3— Vy" 746* 728 
vetv) 2179 2178.5 
vstv,’ 


2330 2318 





* Observed only by Coblentz in the liquid 
state. 
According to the theory recently developed 
by Manneback' »2 and v; should not appear in 
the Raman effect as the corresponding oscilla- 
tions would not involve any first order varia- 
tion in either the optical polarizability or the 
anisotropy of the molecule. That they do ap- 
pear, though with extreme feebleness, is there- 
fore a fact of great interest. 
S. BHAGAVANTAM 
Calcutta, (India), 
March 4, 1932. 
! Dennison and Wright, Phys. Rev. 38, 
2077 (1931). 
2 Nature 126, 995 (1930); Ind. Jour. Phys., 
5, 59 (1930). 
3 Manneback, Zeits. f. Physik. 62, 224 (1930). 
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The Constitution of Tellurium 


The isotopic constitution of tellurium has 
been determined by the method previously 
described.! Aston’s®? analysis was confirmed 
and extended. Additional isotopes of mass 
numbers 124, 123 and 122 were found with in- 
dications of an extremely faint isotope at 127. 
Fig. 1 is a positive contact print of two mass 


122 123 124 125 (26 128 (30 


(- 





Fig. 1. Mass-spectrum of tellurium. 


spectra of tellurium. The two spectra of differ- 
ent times of exposure overlap at the center. 
All of the isotopes excepting Te?’ are clearly 
visible in both spectra on the original plate. 

Kahlbaum tellurium was placed in “wells” 
in an aluminium cathode according to the 
method described for selenium and cadmium.' 
By controlling the current density in the dis- 
charge through neon the rate of evaporation of 
the tellurium was controlled and a satisfac- 
tory source of Te ions was secured. 


130 128 


Mass numbers of isotopes 
Percentage abundance 


32.8 


The relative abundance of the isotopes of 
tellurium was determined photometrically by 
means of a Goos and Koch microphotometer. 
Aston’s data for the isotopes 130, 128, 126 
and 125 were used to calibrate the plate. The 
following results were secured. 

The values give a “isotopic moment” of 
1.74 and a mean mass number of 127.67. Cor- 
recting for a packing fraction of —5.0 and 
transposing to the chemical scale by subtract- 
ing 2.2 parts in 10,000 the atomic weight ar- 
rived at is 127.58+0.15, in good agreement 
with the chemical value 127.5 and consider- 
ably lower than the figure 128.03 obtained by 
Aston. 

Te’ forms an isobaric triplet with the 
heaviest isotope of tin and the lightest iso- 
tope of xenon. All of the remaining isotopes of 
tellurium form isobaric pairs. 

The writer wishes to thank Professor E. H. 
Cox and the Department of Chemistry of 
Swarthmore College for the tellurium used in 
this investigation. 

K. T. BAINBRIDGE 

Bartol Research Foundation, 

Of the Franklin Institute, 
Swarthmore, Pa., 
March 4, 1932. 


1K. T. 
(1932). 
2 F. W. Aston, Proc. Roy. Soc. 132, 494, 


Bainbridge, Phys. Rev. 39, 000, 
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BOOK REVIEWS 


Traité de Pyrométrie Optique. Volume 4, Section 5 of Encyclopedie Photométrique. Gus- 
tave Ribaud. Pp. 485+xvi, figs. 163, tables 72. Revue d'Optique, Paris, 1931. Price 95 francs. 

This volume is one of 27 which form L’encyclopédie Photométrique. Despite the title, the 
author has included in his scope the whole of radiation pyrometry. However, the greater and 
much the more important part relates to optical pyrometry. 

In preparing this volume, the author has had in mind (1) the essentials of optical pyrom 
etry, (2) the theory underlying its instruments and descriptions of them and (3) a complete 
bibliographic study of numerous results which have been obtained. With the possible exception 
of the omission of the mathematical development of radiation laws, which the author has 
thought to be outside his bounds, he has kept to his plan remarkably well, and produced an ex 
cellent book. His account of published results is especially commended as accurate and gener- 
ally exhaustive, though for some reason, stellar pyrometry, other than that of the sun, has been 
omitted. It is unfortunate, for completeness’ sake, that this volume could not include the au 
thor’s most recent work on flame temperatures. 

The chapter headings somewhat abridged, are, (1) High temperature pyrometry, (2) Radi 
ation nomenclature and definitions, (3) Optical properties of bodies, (4) Laws of black body 
radiation, (5) Experimental verification of black body laws, (6) Monochromatic emissivities 
(emissive powers), (7) Color temperatures, (8) Energy radiance of non-black bodies, (9) Light 
emission by non-black bodies, (10) Monochromatic optical pyrometers, (11) Spectropyrometry, 
(12) Effective wave-lengths, (13) Choice of colored glasses for optical pyrometry, (14) Neutral 
absorbing glasses, (15) Realization of black bodies, (16) Realization of black bodies at melting 
points of metals, (17) Study of monochromatic pyrometers, (18) Disappearing filament pyrom 
eters, (19) Standard Lamps with ribbon filaments, (20) Fixed points, (21) Total radiation 
pyrometers, (22) Radiation and pyrometry of some light source. 

It is the most complete book of its kind which has been published. No worker in the high 
temperature field can afford to be without it. 

A. G. WORTHING 
University of Pittsburgh 


The Principles and Practice of Geophysical Prospecting. Edited by A. B. Broughton Edge 
and T. H. Laby. Pp. 372-+-xiii, figs. 261. Cambridge Press, London, 1931. Price 15 s. net. 


This volume contains the report of the Imperial Geophysical Experimental Survey, a proj- 
ect financed by the British Empire Marketing Board and the Commonwealth Government, and 
set up for the primary purpose of testing the practical value, under a variety of geological con- 
ditions, of the principal methods of geophysical prospecting. The Survey conducted field trials 
in various parts of southern and eastern Australia, as well as in Tasmania, much of the work be- 
ing done in regions where existing mining and drilling records made possible a definitive test of 
the geophysical work. 

The volume is divided into two parts. In Part I, which forms about two-thirds of the book, 
emphasis is given to the actual field investigations of the survey, the explanations of method 
being upon a sufficiently elementary level to make the exposition practical for geologists an 
engineers who do not have specialized training in geophysics. Part II, which forms the remain- 
ing third of the book, rehearses the same general topicscovered in Part I, but forms,so to speak, 
a technical supplement for the specialist. Part II includes, for example, detailed explanations of 
field procedure, technical points relating to apparatus design, and a considerable amount of de- 
tailed theoretical development. 

Part I contains an introductory chapter; Chapter II, devoted to electrical methods; Chap- 
ter III on electrical surveys in Australia; Chapter IV, on gravimetric methods; Chapter V, on 
magnetic methods; and Chapter VI, on seismographic methods. Part II contains four chapters 
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devoted, respectively, to electrical, gravimetric, magnetic, and seismographic methods. A 
chapter on general conclusions closes the book. 

A considerable number of able English investigators took part in conducting this survey 
and in preparing the report. The volume reports the most considerable and most unprejudiced 
series of testswhich geophysical methods have as yet received. The book contains, moreover, the 
clearest, most accurate and most able exposition of geophysical principles so far published. It 
has, of course, its limitations. These are perhaps most keenly felt in the sections relating to elec- 
tromagnetic methods. This difficult and complex subject does not lend itself to brief or ele- 
mentary exposition. The field workers, moreover, seem to have had too small experience with 
this method to make their conclusions authoritative. On pages 68 and 69, for example, it is 
recorded that, at 500 cycles per second, measurements could not be made at a greater distance 
than 500 feet from a large vertical loop over 100 feet long and 45 feet high. The reviewer is ac- 
quainted with successful low-frequency work, done in this country, at very much greater dis- 
tances and with a very much smaller loop. 

The volume is attractively printed, with a large number of figures, charts, tables, and maps. 
Everyone interested in this important new application of physics will wish to consult this book. 
It differs from most earlier reports in being, first of all, scientifically competent; and secondly, in 
being free from the taint of commercial secrecy. 

WARREN WEAVER 
Rockefeller Foundation 


The Kinetics of Homogeneous Gas Reaction. Louis S. Kassel. Pp. 330, figs. 25. The 
Chemical Catalog Co., Inc., New York, 1932. Price $6.50. 

In this monograph all of the more important contributions to the rapidly growing field of 
the kinetics of gas reactions are presented and analyzed. The first third of the book is devoted to 
a theoretical discussion of possible reaction steps, from the viewpoint of classical statistical 
mechanics and the newer quantum mechanics. Practically all of the available experimental ma- 
terial is quoted in the latter part of the book. Wherever possible, these experimental results are 
interpreted in terms of the methods discussed in the first section. It is worth noting, that these 
interpretations frequently differ from those given by the authors of the articles quoted. The 
treatment is definite and critical throughout. 

Both because of its completeness and because of its critical analyses, this book should 
prove interesting and stimulating to readers interested in any phase of the subject. 

ROBERT LIVINGSTON 
University of Minnesota 


Critique of Physics. L. L. Whyte. Pp. 196+xi. W. W. Norton and Co., Inc., New York, 
1931. Price $3.00. 


This is a most unusual sort of book; in it the author describes the properties which the all- 
inclusive physical theory that he would like to formulate would have if only he were able to 
formulate it. This may seem like putting the cart before the horse, or at least like forcing un- 
desired confidences upon the reader, but the surprising thing is that it proves both suggestive 
and stimulating, and this even although the reader may totally disagree with some of the funda- 
mental points of view. For example, I suppose that many would not agree that the ideal is a de- 
ductive theory, building up its edifice by logical processes from a small number of simple axi- 
oms. Disagreement on even such fundamental matters will not lessen the stimulus that the 
reader will find, for example, in the many shrewd observations on the general characteristics and 
the unsatisfactory features of physical theory as we now have it. In particular, every student of 
relativity should make himself familiar with the features of the theory which the author finds 
unsatisfactory; personally I find myself in much sympathy with the position that the inabil- 
ity of relativity theory to specify the structure of a clock is indicative that it cannot be an 
ultimate theory in the sense that many have supposed. This leads to one of the main character- 
istics of the theory for which the author seeks, namely that it must dispense with the four gen- 
eralized coordinates at present thought so fundamental. Another important demand made of 
the desired theory is that it shall contain no arbitrary numbers. A consequence is that every- 
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thing must be reduced to a single basic length, in terms of which such constants as the velocity 
of light, the gravitational constant, and Planck's h can be expressed by means of completely 
defined mathematical functions. 

The reader will doubtless find himself pausing to speculate why it is that all the keenness of 
observation of the author has been sterile in suggesting to him a more specific form of the de- 
sired theory. Possibly a suggestion may be found in a fundamental postulate that has to be 
made to justify the search at all, namely that experimental knowledge has now reached a cer- 
tain finality, or at least a self-sufficiency, so that it is probable that we have in our hands all the 
vital fundamentals. The announcement on the front page of yesterday's paper of the experi- 
mental discovery of the ‘‘neutron” suggests the everlasting danger of any such position. 

However, when all is said and done, and whether or not one agrees with either minor or 
major positions of the author, I believe that here is a most important contribution to what I am 
coming more and more to feel is the irreducible prerequisite to any real progress in under- 
standing, namely a more vital self-consciousness and a more searching analysis of what it is 
that we do in dealing with the world about us. 

P. W. BRIDGMAN 
Harvard University 


James Clerk Maxwell, A Commemoration Volume, 1831-1931. Essays by Sir ]. J. Thom- 
son, Max Planck, Albert Einstein, Sir Joseph Larmor, Sir James Jeans, William Garnett, Sir 
Ambrose Fleming, Sir Oliver Lodge, Sir R. T. Glazebrook, Sir Horace Lamb. The Macmillan 
Company, New York and Cambridge University Press, England, 1931. Price $2.50. 

In his ‘‘Portraits in Miniature” by the late Lytton Strachey, we have delightful character 
sketches of six English historians, each by the same master-artist. In the volume here under re- 
view, we have just the converse, namely, ten differenct sketches of the same man each by a 
different artist of outstanding ability 

The first portrait is by one of Maxwell's successors and a fellow Trinitarian, Sir J. J. Thom- 
son. Here is told the story of Maxwell’s student days, his marriage, his several professorships, 
his academic friendships, the foundation of the Cavendish Laboratory, the publication of his 
Matter and Motion, the preparation of his great Treatise, and his work on the Electrical Re- 
searches of Cavendish. So much has been said about Maxwell's religious views that it is inter- 
esting to find Thomson quoting the following sentence from Maxwell; “I think the results which 
each man arrives at in his attempts to harmonize his science with his Christianity ought not to 
be regarded as having any significance except to the man himself and to him only for a time”. 

Speaking of Maxwell's theory of the electromagnetic field, Thomson estimates this as 
“his supreme contribution to physics” and adds “It got very little support outside a small 
group of young Cambridge men”. Americans may derive some satisfaction from knowing that 
one of these outside supporters was Professor Rowland who during the whole of his life at Johns 
Hopkins was an enthusiastic expositor of the electromagnetic theory of light: so also was Helm- 
holtz in Berlin where many American students including Magie, Brace, Keeler, Ames, Pupin, 
and Webster were hearing him. Science knows no national boundaries; yet it is interesting to re- 
call that Maxwell's theory of Saturn's rings—his first serious work—was experimentally con- 
firmed by James Keeler at the Allegheny Observatory in 1895. 

The next two portraits are by eminent mathematical physicists of Berlin who, I imagine, 
by almost universal consent, are to be reckoned as peers of Maxwell himself, Planck and Ein- 
stein. In estimating the various parts of Maxwell's work, one is not surprised to find Planck 
saying that; “In the field of electrodynamics his genius stood alone” ; and that his “success must 
be numbered among the greatest of all intellectual achievements”. 

A single sentence from Einstein’s estimate will perhaps serve to characterize his entire 
sketch; “ . . . before Maxwell Physical Reality, in so far as it was to represent the processes of 
nature, was thought of as consisting in material particles, whose variations consist only in 
movements governed by partial differential equations. Since Maxwell's time, Physical Reality 
has been thought of as represented by continuous fields, governed by partial differential equa- 
tions, and not capable of any mechanical interpretation”. 

Sir Joseph Larmor has given us more than a picture of the great Scotsman; for, in his ad- 
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dress on “The Scientific Environment of Clerk Maxwell”, we have almost an international por- 
trait gallery of modern physicists. Here the reader will find Eddington, Einstein, Dirac, Bohr, 
Planck, de Broglie, Schrédinger, G. P. Thomson, R. H. Fowler, G. E. Hale, Michelson, the 
Braggs, Aston, McLennan, Richardson, Zeeman and others sketched with rare lightnes of 
touch, in few but accurate lines. 

“Perhaps in no domain of science,” says Larmor “has the neglect of history been more con- 
spicuous than in physics”. Let us hope that the volume under review and the alliance of science 
and history, such as was seen last summer in London, will do much to remedy this situation. 

In Sir James Jean's account of Maxwell's method one is impressed by statements such as 
the following; “No matter how clearly he saw physical concepts in his mind’s eye he never made 
the mistake of identifying them with ultimate physical reality. He saw too deeply into things 
ever to imagine that what he saw was the ultimate stratum of all—final and absolute truth.” 

The other five portraits are by Sir Oliver Lodge and four of Maxwell's students. On al- 
most every page of what these students have to say, comes out the lovable character of their 
wonderful teacher. Sir Horace Lamb’s amusing account of Maxwell’s inaugural lecuture at 
Cambridge, of his pet toy, the dynamical top, and of the ophthalmoscope with which he em- 
ployed his favorite dog as a subject, must be read in order to be appreciated. The entire volume 
is indeed a beautiful example of that mastery of good English style which one finds among 
British men of science. The book is certainly one which no serious student of physics can afford 
not to own. 

HENRY CREW 
Northwestern University 


Das Kausalgesetz und seine Grenzen. Philipp Frank. Pp. 308+xv, figs. 4. Verlag von 
Julius Springer, Wien, Austria, 1932. Price RM. 18.60. 

This book is an excellent historical and critical study of the concept of causality in the 
classical mechanics of particles and of continuous media, in electromagnetic theory, in classical 
kinetic theory, in quantum mechanics. The author, continuing the tradition of Mach, seeks to 
eliminate all metaphysical and theological elements from physical theory. He describes the 
goal of physics as the prediction of new experiences on the basis of given experiences. Scientific 
description begins with the assignment of symbols to immediate experience. The equations of 
physics express relations between symbols, so that from a set of symbols which are assignable to 
immediate experience, one can deduce the symbols which may be interpreted as denoting ex- 
periences at some future time. He finds that general principles tend to be transformed into de- 
finitions. Thus, the more general the form of a principle of causality, the less it asserts about the 
real world. 

This abstract view of physics, which has also been set forth by Schlick and his group in 
Vienna, by Swann, by Dirac, receives one of its clearest and most forceful expositions in the 
present book. 

Inasmuch as Professor Frank is well known as one of the editors of the new Riemenn- 
Weber, it is unnecessary to stress the expertness with which the fundamental concepts of physics 
are discussed. But the author is also a competent critic of philosophy and of the methodology of 
biology and sociology. He is unrelenting in his criticism of the tendency to base theological and 
moral speculations upon physics. 

The book is non-mathematical, clearly written, very readable. It is an outstanding con- 
tribution to the methodology of physics. 

V. F. Lenzen 
University of California, Berkeley 
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